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Summary
A method to predict the resistance and equilibrium of stepped hull is developed
in this work. Unlike the conventional design, planing hull performance can be
predicted with the available empirical formulation and thus very helpful for the
designer. They are not applicable to be used for any hull surface behind the step
(which is typically called afterbody) due to the complex wake arising from the
step that the surface is subjected to. Hence the behavior of the afterbody due
to the wake from the step will be analyzed and a model is presented to predict
lift, drag, wetted area and center of pressure of the afterbody. The model is
developed further and extended based on the existing empirical formulation and
thus making it useful to the high speed boat designer.
Computational Fluid Dynamics (CFD) is employed in this study. Detail flow
characteristics which are typically challenging to be obtained in towing test can
be obtained through the numerical simulation. To make sure the result is ac-
curate, validation is performed on the numerical simulation. The flow around
prismatic shape hull is validated where forces, moment and wetted area are com-
pared against both experiment and available empirical formulation. The wake
behind the transom of the hull is also validated since it is an important factor in
the design of stepped hull. Finally a stepped hull simulation where both the flow
and equilibrium state are to be solved concurrently is then compared against the
available towing test data.
From the CFD results, detailed flow study on the afterbody is performed. The
effect of afterbody presence on forebody flow and wake is studied and shown that
the empirical formulation is still applicable for the forebody. Detailed afterbody
flow is then investigated for a range of cases and it is shown that the flow of
afterbody subjected to the wake from the step can be ’translated’ to an equivalent
prismatic planing hull by selecting the appropriate trim and deadrise angle.
Different flow conditions relevant to planing hull design are studied to check
on the applicability of the proposed model; these include the effect of beam,
vi
deadrise, trim and speed coefficient.
The model is then implemented to a MATLAB code which is then used to
solve for the equilibrium state of stepped hull and prediction of its resistance.
Finally the procedure is then tested and compared with the available towing test
experimental data. The result from the existing study suggests that the method
can be used to predict the performance of stepped hull and will be beneficial for
high speed boat designer.
vii
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1.1 Background and Motivation
High speed craft typically employs planing hull shape which produces hydrody-
namics lift to support the boat on the water. At the other spectrum at low speed
is the displacement hull, which relies mainly on buoyancy to generate lift. The
distinction between low and high speed is made on the basis of Froude Number
(Fr = V /√gL), here V is the speed of the craft, L is the length of the craft
and g is the gravity acceleration. Generally, low speed hull operates at Fr < 0.4
while for planing hull Fr > 1.0 − 1.2 (Faltinsen, 2005). These two designs dif-
fer appreciably as can be seen in Figure 1.1. Displacement hull typically has a
streamlined and refined body with a stern that collapsed into a zero cross-section
area. This hull is designed such that there is no flow separation as it is beneficial
at low speed (Savitsky, 2014). However, as the speed builds up the convex shape
of the hull near the stern will develop negative pressure and increase the flow
resistance significantly.
The solution to the problem described is the avoidance of convex lines especially
at the stern and sides so that no negative pressure is developed. The result-
ing design is the hard chine planing hull where the flow is forced to separate
at the stern through sudden discontinuity called transom and sides of the hull
1
(a) Displacement Hull - low speed. (b) Planing Hull - high speed.
Figure 1.1: Typical boat hull.
through a hard chine. At low speed where the flow does not necessarily sepa-
rate, the resistance is known to be higher but is of less importance since it is
only transient in moving to high speed. As Savitsky and Morabito (2010) have
discussed, the performance of planing hull is highly dependent on the running
trim angle. The optimum running trim is typically about 3-4○, on lower trim the
viscous resistance is dominating while at higher speed the pressure component
will dominate. At higher speed, the trim gets smaller to maintain equilibrium
and it is well below the optimum angle. This behavior results in an exponentially
increasing resistance.
A possible improvement to the high resistance of a conventional planing hull
is the use of stepped hull. Since the high resistance is attributed to the skin
friction, the initial idea of this design is to reduce the wetted area by forcing
another flow separation using steps on the bottom of the hull. However, the
introduction of step will alter the attitude of the craft as well. This makes the
whole mechanism of the resistance reduction to be more complex compared to
the previous (simplistic) description. On a single stepped hull there will be two
lifting surfaces (namely forebody and afterbody) which need to produce forces in
a way to balance the whole craft. The dynamics of these forces are complicated
as the afterbody is subjected to the complex forebody wake. This makes the
task of designing stepped hull more intricate and challenging and thus stepped
hull design tends to rely heavily on extensive towing test which is costly and
time consuming. There is no accepted method on where to locate and design
the step, let alone multiple steps hull. On the other hand, the hydrodynamics
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behavior of stepless hull has been studied in detail and empirical formulation
(Savitsky, 1964) exists to help high speed boat designer. Hence in this work, a
study of stepped hull hydrodynamics especially on the afterbody will be carried.
The capability of predicting the force and moment on the afterbody as well
as its influence to the forebody will allow high speed boat designer to predict
the performance of stepped hull before performing CFD or towing test which is
costly.
1.2 Objective
The objective of this work is to investigate in detail the hydrodynamics of stepped
hull, in particular the flow around the afterbody. The knowledge will enable the
designer to predict the equilibrium and performance of a stepped hull hence
optimization becomes possible. Here Computational Fluid Dynamics (CFD)
is the main tool used to perform the analysis. Validation on the numerical
solution is performed on a simple prismatic planing hull and towing test data of a
stepped hull. It was found that CFD results correlates well against experimental
data on prismatic planing hull. Forces, center of pressure, wetted area as well
as the wake generated behind seems to agree well with the experimental data
and at times can be more accurate than the available empirical formulation.
Comparison against stepped hull tow test data shows that the numerical solution
is capable of simulating the complex interaction between the hull and the flow
as the equilibrium of the hull is to be solved at the same time. It also shows
that at high speed the frictional drag of stepped hull can increase significantly
because of the blister spray generated from the step hitting the hull.
Using CFD, the forces, moment and wetted area generated by the complex wake
will be examined and studied under the framework of Savitsky’s Procedure and
the possibility of extending the method for stepped hull will be explored. A
comprehensive wake geometry relevant to stepped hull is also generated. Based
on the study, a method is then developed which is able to predict the afterbody
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hydrodynamics by finding an equivalent prismatic hull. The study also reveals
that due to the wake from the step, the afterbody deadrise is effectively reduced,
leading to a more efficient (higher Lift-to-Drag) planing surface. The proposed
method is then implemented in MATLAB to calculate the equilibrium and per-
formance of stepped hulls. Further comparison with experimental data is then
carried out to investigate the robustness of the proposed method. Generally
the agreement between the computed results and measured data is good when
the blister spray does not interfere with the hull. As stepped hull is typically
designed to avoid this situation, the proposed method will become a valuable
design tool.
1.3 Organization of the Thesis
Chapter 2 will describe the development of hydrodynamics study of high speed
boat from conventional planing hull to stepped planing hull. Different aspects
of the planing hull flow physics taken from analytical, towing test and semi-
empirical formulation will be reviewed. Recent effort to apply different compu-
tational method to predict the performance of planing hull for both stepless and
stepped will be given as well.
To better understand the stepped hull behavior, it is important to know the
flow physics. Chapter 3 will review the various important aspects of prismatic
planing hull. Both the chines-wet and chines-dry cases are discussed since they
are equally important in stepped hull design.
Chapter 4 briefly discusses the numerical method used in this work. The different
validation tests to ensure that the code is capable of producing the planing hull
flow physics will be described. First the comparison on prismatic hull form
will be discussed where both experimental data and empirical formulation are
available to ascertain the accuracy of the numerical solution. Different properties
such as lift, drag, wetted area, center of pressure and the wake generated behind
the hull will be compared. Result of the validation on real hull data obtained
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from towing test experiment is also presented to understand the applicability of
the CFD code handling more complex geometry.
Chapter 5 focuses on the hydrodynamics of the afterbody which essentially is a
planing hull subjected to the wake from another planing hull (forebody). Several
methods as proposed by other researchers are described. The present method
on how to predict the force, moment and wetted area will be discussed. Several
configurations are then chosen and used as the main study in comparing the
different methods, in term of advantages and disadvantages.
Chapter 6 explains how does the existing study can be used in estimating a
stepped hull performance. The implementation on MATLAB and how the equi-
librium of the hull is solved will be described. Finally several towing tests of
stepped hull are chosen and prediction made using the proposed method. The
results are then compared to ascertain the feasibility of the method for design





The hydrodynamics study of stepped hull was carried out initially to understand
the dynamics of flying boat (Savitsky, 1964). Since such craft needs to take-
off from water at high speed, the hull is designed to minimize water drag and
thus a step is employed. An example of the step in flying boat is seen below.
For interested reader, a review on flying boat hydrodynamics can be found in
Stout (1950). The difference with high speed boat is that at high speed the
afterbody is dry and it is planing only on the forebody. In principle, the physics
of stepped hull is essentially the same as those of conventional high speed boat
(i.e. planing mechanism). Hence it is important to briefly review the literature
on conventional planing hull. Important parameters associated with high speed
hull can be referred from Figure 3.1.
2.1 Conventional Planing Hull
2.1.1 Experimental and Analytical Method
Early investigation was primarily in form of towing test experiment and one
of the earliest investigations can be seen from the work of Sottorf (1932, 1934)
which mainly discussed planing plate with zero deadrise (flat surface). Despite
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Figure 2.1: Step on a flying boat hull (ShinMaywa US-2).
being the most efficient form of planing surface, flat plate is not practical due
to the shock it induces in a seaway condition (Sottorf, 1934). Further test to
investigate the effect of deadrise on forces and moment was then conducted by
Shoemaker (1934) and Chambliss and Boyd (1953). The hull with larger deadrise
and equal trim angle have higher resistance on the same loading due to part of
the pressure is being directed to the centerline, hence more wetted area is needed
to generate the same lift thereby translating to higher friction drag. In general
these studies which is intended for studying flying boat exceed the speed regime
and loading for high speed boat.
After the World War II, hydrodynamics study of planing is aimed at addressing
the use in high speed boat. Savitsky and Neidinger (1954) performed a series
of towing test on prismatic planing surface with deadrise from 0○ to 30○ and
speed pertaining to high speed craft operation. As the hull moves, the water
surface rises and curls near the stagnation line forming the so-called spray root
line. Their experiments showed that wave rise in 3-D hull can be predicted to
a reasonable accuracy using the wave rise in 2-D wedge impacting water sur-
face in which analytical formulation developed by Wagner (1936) exists. Based
on extensive experimental data, Savitsky (1964) then developed the well known
Savitsky’s Procedure to predict the performance of high speed boat in planing
range. Other formulations exist such as by Brown (1971) which are basically ex-
tension from Shuford (1958) equations for high speed boat regime. The detail of
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Figure 2.2: Typical spray formation on a prismatic hull (taken from Savitsky
and Morabito (2011)).
Savitsky’s procedure is discussed in Appendix A. Generally the available method
for analyzing planing hull concerns only with prismatic shape where the deadrise
is constant. This is normally acceptable as typical wetted area at high speed is
prismatic, however when the trim is too small or when considering lower speed,
the curvature of the hull towards the bow might be wetted and the analytical
method is no longer valid. If the deviation from prismatic shape is not big such
as slight warping or addition of spray deflector, it is still reasonable to apply the
above methods by considering a representative prismatic hull.
Savitsky and Brown (1976) presented a method to estimate the pre-planing per-
formance of planing hull which typically includes the bow curvature area wetted.
The method is based on and developed from regression analysis of experimen-
tal result from 118 separate hull forms. The work also reviewed some possible
improvement on the wave rise calculation as more experiments revealed that
the theoretical pi/2 factor slightly under predicts the experimental data. More
importantly the behavior of planing hull in seaway condition was also studied.
The physics of the spray is discussed in Savitsky et al. (2007) and Savitsky and
Morabito (2011) where the whisker spray (see Figure 2.2) which forms in front
of the spray root line contributes to the frictional drag and blister spray is found
to originate from a small region near the intersection of the spray root line with
the chine and is independent of the wetted length.
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Pressure distribution along the bottom of the hull is important when consid-
ering structural integrity of the hull. Several works by Smiley (1951), Boyd
et al. (1955) and Morabito (2014) were directed towards this. A typical pressure
distribution for planing surface is shown in Figure 2.3. The high pressure is con-
centrated around the stagnation point and quickly drops as one move away from
there. For flat plate the pressure coefficient reaches 1.0 at the keel while this is
not so for the deadrise surface. At each of the transverse plane, the maximum
pressure is found at the stagnation line and along this line the pressure drops
continuously towards atmospheric pressure at the intersection with chine.
(a) Flat plate. β = 0○ (b) Deadrise plate. β = 20○
Figure 2.3: Pressure distribution on Planing surface. Taken from Morabito
(2014).
Apart from prismatic bottom, a configuration with deadrise variation starting
from transom called warped hull is typically seen as well. Designer still revert
back to Savitsky’s procedure by averaging the angle on the hull. Separately
Bertorello and Oliviero (2007) suggested a modification of Savitsky’s procedure
by performing average weighing on the deadrise and showed a better fit with
towing test data. A systematic warped hull test was performed by Begovic and
Bertorello (2012) which shows that the less warp leads to less resistance at the
same speed. On the highest warp with value of 7.5○/beam which is considered
higher than practical, the resistance is 20% higher; the warp on the hull also
makes the running trim angle lower. Savitsky (2012) also performed towing test
on a warped hull and suggested an equivalent trim and deadrise angle derived
from the quarter beam buttock line intersecting with the spray root line can be
used as an input to the standard prismatic equations.
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Figure 2.4: An illustration of 2D+T method. Taken from Faltinsen (2005)
2.1.2 Computational Method
Due to the high cost of towing test, computational method is getting more pop-
ular in helping the design process to be more efficient. If an accurate numerical
solution can be achieved within reasonable time, most of the preliminary design
exploration can be done using the computer and only a few (if not one) final
design need to be tested physically in the tank. There are mainly two compu-
tational groups that have been developed, one is based on inviscid formulation
and second is full viscous simulation based on the Navier-Stokes equations.
In the first group, simplification of the problem by slender body assumption due
to the low aspect ratio of planing hull leads to the so called 2D+T (or 2.5D)
method. Assuming the longitudinal variation due to the presence of the hull
is negligible, the problem of 3-D planing hull is simplified to the problem of a
wedge impacting the free surface (Faltinsen, 2005). Figure 2.4 illustrate this. By
observing a fix cross-plane on the earth axis, as the hull passes by the section,
the hull is seen as if a wedge is making contact with the water surface. The
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flow at each transverse section is now corresponds to the flow around a wedge
at different time after impacting the water. The solution is obtained by solving
the Laplace equation for the velocity potential. However, the free surface itself
is a boundary that needs to be solved and the flow separation is to be handled
carefully.
Zhao et al. (1997) employed the method and kutta condition for flow separation
at the chine while neglecting gravity to simulate prismatic hull as CV → ∞.
Despite acceptable agreement, typical operating speed of high speed boat is still
appreciably affected by gravity. Consideration of gravity allows the thin spray
that separates from the chine to plunge back and induces vorticity, thus making
the velocity potential model invalid. The issue is circumvent in Sun and Faltinsen
(2007) by ’cutting’ the spray before it dives back and showed that it negligibly
affects the force calculation. They also show that the numerical solution over
predicts the force unless a special suction correction is applied near the transom.
The issue lies in the fact that the 2D+T method does not allow the flow to
’feel’ the transom where in reality the pressure will drop back to atmospheric
pressure. Other approach in employing 2D+T analysis can be found in Vorus
(1996); Savander et al. (2002).
Full 3-D inviscid formulation has also been applied on planing surface problem
where the 3-D flow effects can be handled properly. Xie et al. (2005) employed the
finite element method in solving the velocity potential of flat planing surface. The
use of Vortex Lattice Method (VLM) was described by Lai and Troesch (1996)
in solving prismatic hull flow. Vernengo and Brizzolara (2014) and Brizzolara
and Vernengo (2016) also used the VLM and good comparison with experiment
on the prismatic hull was obtained; further comparison with experimental data
on cambered surface shows that the method is able to predict forces within
7% error. In general the inviscid formulation is able to predict the lift force of
prismatic and simple shape hull within a relatively short time. Unfortunately
due to the inviscid assumption, the frictional drag has to be computed with some
assumptions (such as Savitsky (1964)). Complex geometry such as spray rails
and longitudinal steps where several flow separations can occurs present much
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challenge for this group.
The second group considers the viscous fluid and solves the Navier-Stokes equa-
tions. The simulation domain is discretized into a finite number of cells and
either Finite Difference, Finite Volume or Finite Element method can then be
applied in solving the discretized equations. Location and shape of the free sur-
face is a boundary that needs to be solved. Two general approaches are available.
These are interface tracking method and interface capturing method. Interface
tracking method treats the free surface as a physical boundary and thus fit the
mesh exactly which means re-meshing is needed as the flow evolves in time. Due
to the re-meshing the computational cost is high and it is challenging to deal with
complex surface such as wave breaking and plunging. Interface capture method
uses a fix domain mesh and employs additional variable to capture the location
of the free surface. The computational cost is lower at the expense of lower ac-
curacy of the surface representation (Tezduyar, 2006). One particular approach
under this category and often used in high speed boat simulation is Volume of
Fluid (VOF) method as introduced by Hirt and Nichols (1981). It treats the
fluid in each cells as a mixture of air and water by volume fraction which makes
the computation similar with single phase fluid albeit with additional transport
equation.
One of the early application of CFD in planing hull is performed by Caponnetto
(2001) where prismatic planing hull fixed in space is simulated. Another fixed
prismatic hull simulation was performed by Brizzolara and Serra (2007) and their
comparison with experimental data seems to suggest that CFD can achieve better
accuracy than empirical formulation. Typically the equilibrium is expected to
be solved as free to trim and heave run is often performed in towing test for
a particular hull. This problem is more complex since at different trim the
attitude of the craft can change appreciably and thus altering the flow field.
Several static simulations with different hull attitude can be performed and the
equilibrium is solved approximately as can be seen in Caponnetto (2001) and
Brizzolara and Villa (2010). Recent development of CFD allows big movement
of the mesh and hence the equilibrium can be solved directly. Garo et al. (2012)
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simulated the US Coast Guard (USCG) Motor Life Boat (MLB) at high Froude
number and the comparison with experimental data shows a good agreement
in both performance, attitude and wetted area. Yousefi et al. (2014) study the
effect of tunnel in high speed boat using commercial code FLUENT. Shea et al.
(2012) and Mousaviraad et al. (2015) performed verification and validation of
their simulation with the experimental data from Fridsma (1969).
In term of accuracy and robustness, the high fidelity CFD simulation is able to
capture many physical phenomena. However, this usually requires tremendous
computational power and take long time. All of this might not be accessible
for small craft designer and thus development of other method is still on-going.
From the overall design process, different computational technique can be chosen
at different design phase based on the accuracy needed before embarking on the
final towing test.
2.2 Stepped Planing Hull
2.2.1 Experimental and Analytical Method
A stepped planing hull in general has a shape similar to the conventional design,
but with additional transverse discontinuity (step) to force flow separation. The
first notable design was proposed by Ramus in 1872 (Flight, 1914) as seen in
Figure 2.5. Since then, many designers have attempted different design since it
was found that stepped hull is able to push higher the maximum speed for the
same installed power (Clement and Koelbel, 1993). However, those designs are
primarily based on the designer experience since major development of planing
physics occured during the World War II era where flying boat was being used
frequently. Till today, there are few published results on the stepped hull study
that can be readily used by the designer. One of the major sources for stepped
hull was from NACA (now NASA) archives. Unfortunately the design being
tested is more pertinent to flying boat and thus it is challenging to implement
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them directly for high speed stepped boat.
Figure 2.5: First stepped hull model by Ramus (Flight, 1914).
The hull of flying boat is intended for the craft to move away from water as soon
as possible. On the other hand, stepped hull will remain in contact with water.
Clement and Koelbel (1995) suggest that the design philosophy of flying boat
where at high speed only the forebody is carrying the load can still be used. This
led to the development of the so called Dynaplane (see Figure 2.6) where the
hull is designed to run at high speed on forebody and hydrofoil at the stern (dry
afterbody). The step area is cambered and swept back to produce more efficient
lifting surface (Clement and Hoyt III, 2008). However, practical stepped boat
rarely employs this Dynaplane-like design, which might be due to the complex
design and manufacturing requirement.
Figure 2.6: The Dynaplane Design (Clement and Hoyt III, 2008)
It is generally accepted that stepped hull has lesser drag at high speed. As ex-
plained by Garland (2011), the reduction in drag is typically attributed to the
fact that only region near the spray root line needs to be maintained and the
rest can be ‘cut’ by the step and thus the skin drag is reduced. Observing Fig-
ure 2.3, the high pressure seems to be near the spray root line and the pressure
drops as one move away from this line. Hence, by placing the steps correctly,
most of the wetted area can be reduced and so does the skin drag. However, it
can be shown based on Savitsky’s Procedure (Savitsky, 1964) that the lift will
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be reduced too due to reduced wetted length. Moreover, the attitude of the
craft will change, thus altering the whole force equilibrium and hence the mech-
anism of drag reduction is more complex compared to the previous (simplistic)
description.
Savitsky and Morabito (2010) argued that conventional planing hull tends to
run at low trim angle at high speed where the Lift-to-Drag ratio (L/D) is small
and the addition of step is able to make it to run at a more optimum trim angle.
Following this, the next question will be does the addition of step increases
running trim at high speed? Indeed, many of the towing test on stepped hull does
show that there is an increase in trim followed by reduction in drag especially
at high speed. Garland (2011) tested a 15○ deadrise model with different step
height and the stepped hulls were always found to have smaller drag at high
speed. It is also observed that the running trim of the stepped hull gets higher
the higher the step. Another experimental result of a single and double step hull
by White et al. (2012) shows a similar trend. In each case, as the step height
is higher the running trim increases and the stepless drag is found to be the
highest. Experiments by Filling (1993) which is then continued by Gassman and
Kartinen (1994) on a 15○ deadrise Grumman Corporation design also results
in a similar behavior. Their test was slightly scattered at high speed due to
under-powered carriage, however the trend can still be observed.
Interestingly, the test performed by Lee et al. (2014) shows that stepped hull
does not always run in higher trim angle compared to its stepless configuration.
They tested a double stepped model with different step height configuration
and several displacements (mass of the hull). The model is a prolongation of
the model tested by Garland (2011) so that its length is increased by 33%. The
model with high middle step and short aft step (referred as Configuration 7 in the
reference) was found to run at lower trim angle than the stepless configuration
(see Figure 6 and 7 in Lee et al. (2014)). However, the value of the drag is still
lower than the stepless configuration despite it is now running on lower trim.
Several other configurations were running around the same trim with the stepless
version but with lower drag. Ricks (2013) compared a 20○ prismatic model with
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different step combination on a fix trim run. On several cases, the results show
that the drag of stepped hull (both single and double) can be lower compared to
the conventional planing hull despite running at the same trim angle. It suggests
that running trim does not fully explain why a stepped hull has smaller drag as
it is able perform better even when the trim is smaller than the same hull with
no step. The drag reduction might be attributed to the combination of running
trim, aspect ratio of the wetted area and complex wake from the step.
The drag of stepped hull is not always smaller. It is known that stepped hull drag
tends to be higher at low speed, this is because the step has not been aerated
and thus vortices generated lead to additional drag (Garland, 2011). This can be
seen in model tests such as those by Gassman and Kartinen (1994) and Garland
(2011) where the drag at low speed gets higher as the step is higher. Even at
high speed, the drag will be higher if there is no aeration at the step as shown by
Ricks (2013). In the test where the aft step is deployed and there is no additional
ventilation to help the aeration, the drag was found to be higher at all speed on
the same trim angle. This is probably because the aft step is deeper in the water
and thus harder to be aerated. Hence it is important to make sure that the step
is sufficiently aerated.
Figure 2.7: The spray developed when stagnation line crosses the step (Savitsky
and Morabito, 2010).
Another phenomenon unique to stepped hull is the additional wetting due to
the forebody spray impacting the afterbody. When the hull is running at high
speed, less area is needed to support the weight of the craft. This makes it
possible for the stagnation line to intersect with the step. If it does happen,
a violent spray called blister spray will emanate from the intersection as seen
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in Figure 2.7. When this spray hits the afterbody, there will be an increase in
wetting and total drag. It is also observed on flying boat, especially near take-off
speed where the drag will rise again when the spray impacts the afterbody which
may even prevent the craft from becoming airborne (Allison, 1935). Figure 2.8
shows the underwater photo when this phenomenon happens. Garland (2011)
observed that when this happens, the drag of the stepped hull starts to rise
drastically even though it is still less than the stepless hull drag. Furthermore
the longitudinal instability was observed when this phenomenon happens. On
double stepped hull, it happens more often where the stagnation line will likely
intersects the forward step due to its position. Figure 4 of Lee et al. (2014) shows
this. Nevertheless, the drag is still smaller than the stepless configuration at the
speed tested and no instability is reported.
(a) On prismatic hull with 20○ deadrise (Savitsky and Morabito, 2010).
(b) On a 15○ deadrise hull (Garland, 2011).
Figure 2.8: Afterbody wetting due to the spray from the step.
The stepped hull towing test is typically performed on a specific hull and thus
the conclusion on the best configuration (step location, height, etc.) becomes
questionable for use on another hull. There is still no general guidelines on how
to design a stepped hull, even for a single step, let alone multiple steps. For the
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conventional planing hull, semi-empirical formulation exists such as Savitsky’s
procedure (Savitsky, 1964) which is useful for designer to predict roughly their
design performance. For stepped hull, the afterbody is subjected to the complex
wake from the step in which the designer is hard pressed on how to predict
the forces. This makes the development of analytical/semi-empirical method
for stepped hull challenging. There are works that have suggested a possible
method in calculating the performance of a stepped hull. Savitsky and Morabito
(2010) suggested to use the centerline wake as the inflow for the afterbody. In
their work, extensive towing tests were performed to capture the wake behind
prismatic hull where the result is given in a set of equations describing the
centerline and quarter beam buttock (1/4beam) line . Svahn (2009) also used
the wake equations and suggested that the wake curvature is to be taken account
when calculating the afterbody forces. Unfortunately, there are no comparisons
of these methods to any experimental data on the afterbody forces for validation.
Regardless, they will be described in greater detail in chapter 5.
2.2.2 Computational Method
Computationally stepped hull imposes a greater challenge because the wake gen-
erated by the step must be computed accurately; failure to do so will alter the
afterbody force, equilibrium state and performance of the hull. However, both
computational groups (inviscid and viscous) have been applied to stepped hull
by several researchers. Matveev and Ockfen (2009) developed a method which
applies hydrodynamic sources to solve for the 2-D linearized potential flow of an
air-lubricated hull. Validation on the length of air cavity just behind the step
was performed and there is a good agreement. Subsequently Matveev (2012,
2015) applied the method to study the 2-D stepped planing hull. The method
was then extended to 3-D where the equilibrium of the hull is solved iteratively
(Matveev and Bari, 2015) . Different stepped hull configuration was tested at
low speed, but there is no validation with experimental data and thus the ac-
curacy has yet to be determined. Other works on solving 2-D stepped hull can
be seen in Fine and Kring (2013) and Makasyeyev (2009), but still no validation
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against experimental data.
The success of Navier-Stokes solver (CFD) in simulating the flow around planing
hull makes it an attractive method for studying the stepped hull. Garland and
Maki (2012) applied Volume-of-Fluid (VOF) approach to study the 2-D stepped
hull in particular the effect of the step height and location. When considering
fixed hull position, as the step height is increased the total lift is found to de-
crease, but the overall L/D will increase. They also found that based on fix
hull position, L/D is less sensitive to step position than step height. However,
in practice when the step location is changed, the hull equilibrium will be al-
tered and performance might vary appreciably. Brizzolara and Federici (2010)
performed validation on two different stepped hulls with towing test data us-
ing commercial software Star-CCM+. Once it is found that there is a good
agreement between the computed and experimental data, further study on step
height is performed using CFD only. The study suggests to use the lowest step
as long as it is aerated in order to reduce the total resistance. Lotfi et al. (2015)
compared their simulation result with towing test data of Taunton et al. (2010).
They suggest to solve the hull equilibrium iteratively rather than running full
transient simulation which results in a shorter simulation time. The computed
result seems to be in good agreement both qualitative and quantitatively, de-
spite the limited number of iterations performed. The drag is predicted within
5% at the highest speed and the average error of trim is 0.6○. The authors also
show some simulations with Svahn (2009) method but the computed results are
unable to follow the trend and becomes invalid when chines-dry forebody is met.
Despite the limited work on stepped hull from the computational point of view,
it seems to suggest that full viscous simulation with VOF is a viable approach.
The potential flow solver is fast and efficient, but it lacks the capability of han-
dling complex geometry and spray. On the other hand, CFD is capable of han-
dling complex geometry, robust enough to handle both displacement and planing
speed, as well as taking spray into account. Nevertheless, CFD is computation-




In order to understand the hydrodynamics of stepped hull, it is important to
understand the physics of a single planing surface first. The physics has been
discussed in great detail by Savitsky (1964) in which the Savitsky’s Procedure
is introduced. The procedure is used to analyze prismatic planing hull and still
used by many high speed boat designers. Here, a brief description on the salient
feature of planing hull will be provided. For interested reader, the step by step
of the procedure is described in Appendix A.
3.1 Wetted Area
Let us consider a prismatic planing hull advancing in water as shown in Figure
3.1. (The term ’prismatic’ means the hull cross section is constant along the
longitudinal axis.) Despite the impracticality to have a purely prismatic hull, the
wetted area of a monohull at high speed is mainly prismatic and thus Savitsky’s
Procedure is still useful. Henceforth, the term planing hull is associated with
the prismatic shape unless stated otherwise. A planing hull bottom consists of a
V-shape as shown in Figure 3.1b. The intersection of the symmetry plane with
the bottom is called keel line whereby the junction of the side and the bottom
of the hull is called chine. The width of the hull measured in horizontal axis is
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called beam (b). The angle of the bottom V-shape with respect to the horizontal
is the Deadrise Angle (β).
(a) Side view.
(b) Front view (section S-S).
(c) Bottom view.
Figure 3.1: Planing Hull Important Parameters.
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The attitude of a planing hull can be described by its draft (d) and trim angle (τ)
as shown in Figure 3.1a. The draft d is measured vertically from the calm water
line to the lowest point pf the hull which in this case is the intersection of the keel
line with the aft most part called transom. The trim angle τ is defined as the
angle between the keel line and calm water line. The keel line of the hull intersects
with calm water line at point O and line OB is the waterline on the hull at the
given attitude. As the hull advance with at constant speed V , the water surface
near the line OB is rising (or piling up) since it is being pushed by the hull and
this phenomenon called wave rise. This makes the wetted area at the bottom of
planing hull when moving to be larger in comparison when the hull is static. The
wave rise at the keel when β ≥ 10○ is negligible and hence the intersection at keel
remains at point O (Savitsky and Neidinger, 1954). The line defined by the root
of the wave rise is called Spray Root Line (SRL) given by line OA, it is usually
assumed to be a straight line despite being slightly convex and practically equal
to the stagnation line as the distance between them is small (Savitsky, 1964),
thus usage of the term SRL and stagnation line is interchangeable. The wetted
area is defined by the area wetted by water behind this SRL.
Figure 3.1c shows several important lengths that are being used to describe the
wetted area of a planing hull. The length of the keel from transom to point O
is defined as wetted keel length LK while the length of the chine wetted from
transom until point A is called wetted chine length LC . The mean wetted length
LM is the average of these two
LM = LK +LC
2
. (3.1)
In the analysis of planing hull, these wetted length parameters LK , LM and LC
are usually non-dimensionalized with respect to the beam (b) resulting in wetted
keel length ratio (λK ≡ LK/b), mean wetted length ratio (λ ≡ LM/b) and wetted
chine length ratio (λC ≡ LC/b) respectively. Using slender body assumption and
the theoretical wave-rise factor of pi/2 (Wagner, 1936), the difference between
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λK and λC denoted by ∆λ is given in Savitsky (1964) by







Inspite of its simplicity Eqn.3.2 above is known to only slightly under predict
the amount of wave rise from experimental data and a better fit can be obtained
as explained by Brown (1971) using the following expression







The mean wetted length ratio λ can then be calculated as
λ = λK + λC
2
= λK − 1
2
∆λ. (3.4)
It is important to note that the above formulation is valid only when the stagna-
tion line (line OA) crosses the chine (see Figure 3.1c) which is called the chines-
wet condition. However when LK is very short the stagnation line will intersect
with the transom instead of the chine, this is called the chines-dry condition
(see Figure 3.2). The wetted beam (bwet) at the transom is shown by line AA
Figure 3.2: Chines Dry Important Properties.
and it is less than the physical beam b. The chines-dry running condition rarely
happens for planing hull in practice since as seen in Figure 3.2, the wetted area
is small and it will not be able to support the craft. Nevertheless, it is relevant
when studying stepped planing hull since the stagnation line might intersects
with the step (the step is essentially the transom of the forebody). Although the
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formulation is not given in Savitsky (1964), applying the same methodology in
deriving 3.2 the wetted beam can be calculated as
bwet = LK (pi tan τ
tanβ
) . (3.5)
3.2 Lift of Planing Surfaces
As the planing hull moves on the surface of the water, the water will exert
force onto the hull. The component of this force which is perpendicular to the
movement direction is called Lift (L) whereby the component opposite of the





The value of CL is typically developed from extensive towing test data and
thus semi-empirical formulation can be constructed. There are several available
lift coefficient formulations proposed by different researchers. For chines-wet
case there are Savitsky’s lift coefficient (Savitsky, 1964) which is developed for
monohull regime and the so called Brown-Shufford lift equation (Brown, 1971).
For the chines-dry case, Milwitzky (1948) proposed the lift equation with slightly
different definition of lift coefficient. This is because for chines-dry case the beam
is not fully wetted, thus the wetted keel length (LK) is preferable to be used for
non-dimensionalization, it is given by
CLK = L0.5ρwV 2L2K . (3.7)
The Savitsky’s lift coefficient is given below as
CL(β = 0○) = CL0 = τ1.1 (0.012λ0.5 + 0.0055λ2.5C2V ) (3.8)
CL(β > 0○) = CLβ = CL0 − 0.0065βCL00.6 (3.9)
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Eqns.3.8 and 3.9 are valid for 0.6 ≤ CV ≤ 13, 2○ ≤ τ ≤ 15○ and λ ≤ 4. The
Brown-Shufford lift equation is given as
CL = 0.5pi sin τ cos2 τ
1 + 1/λ (1 − sinβ) + 43λ sin2 τ cos3 τ cosβ + 0.0109τ λ2C2V . (3.11)
It is applicable for CV ≥ 0.7, λ ≥ 1, 0○ ≤ β ≤ 50○ and 0○ ≤ τ ≤ 30○. The Brown-
Shufford lift is deemed to be more accurate at higher CV and larger λ. The
chines-dry lift by Milwitzky (1948) is given below as
CLK = pi(90β − 1)2 sin3 τ (1 − tan τ2 tanβ ) . (3.12)
Eqn.3.12 is shown to be in good agreement with experimental data for β ≥ 22.5○
while it tends to over predict the lift at lower β (Milwitzky, 1948).
3.3 Drag of Planing Surfaces
Figure 3.3: Forces acting on a planing hull.
The forces acting on planing hull can be divided into pressure force which is
acting perpendicular to the surface and friction force which is tangential to the
surface (see Figure 3.3). The component of these forces which is opposite to
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the movement of the hull is called Pressure drag (Dp) and Viscous drag (Dν).
Assuming the component of the skin friction to the lift is negligible, the pressure
drag can be calculated from the normal force (N) which in turn calculated from
the known lift force. The skin friction force can be predicted from the flat plate
skin friction with area equal to the wetted area of the planing hull (Savitsky and
Neidinger, 1954). Thus as given in Savitsky (1964), the total hydrodynamics
drag is
D =Dp +Dν
= L tan τ + 1
2
ρV 21 λb
2Cf secβ sec τ
(3.13)
where Cf is the skin friction coefficient and V1 is the average velocity at the





L tan τ + 12ρV 21 λb2Cf secβ sec τ= CL
CL tan τ + (V1V )2 λCf secβ sec τ .
(3.14)
3.4 Center of Pressure of Planing Surfaces
The center of pressure (lp) is defined as the location in front of the transom where
the hydrodynamic force acts (see Figure 3.1a). From extensive towing test data,
Savitsky and Neidinger (1954) showed that it can be estimated by taking account
of the dynamic lift component acting at 75% of the mean wetted length (LM )
and the buoyant component. The final formulation in non-dimensional form is
shown by Savitsky and Neidinger (1954) to be
Cp = lp
λb
= 0.75 − 1
5.21C2V λ
−2 + 2.39 . (3.15)
Interestingly the center of pressure is essentially independent of the trim and
deadrise angle. Eqn.3.15 above is valid only for chines-wet condition. For chines-
dry case, lp is assumed to be 0.4LK (Savitsky and Morabito (2010)).
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3.5 Spray Developed on Planing Surfaces
Figure 3.4: Geometrical representation of the spray on planing hull.
As the planing hull advanced, spray will be generated and ’thrown’ away from the
hull as seen in Figure 2.2. Based on the location with respect to the stagnation
line, there are two types of spray generated, the blister (main) spray and whisker
spray and these sprays are illustrated in Figure 3.4 The main (blister) spray has
a dome-like structure and the generation is localized around the intersection
between the stagnation line and the chine as shown by point A in Figure 3.1
(Savitsky and Breslin, 1954). For conventional planing hull during the chines-
wet case where the stagnation line intersect at the chine, this blister spray will
be ’thrown’ away from the hull. However on stepped hull, the stagnation line
can intersect with the step (chines-dry) and there will be blister spray emanating
from this intersection as seen in Figure 2.7. If the spray hits the afterbody, it
will increase the drag of the hull.
The other spray which is called whisker spray is developed from part of the flow
that is deflected in front of the stagnation line. It will wet the hull first before
separating at the chine and can contribute up to 15% of the hull drag especially
at high speed (Savitsky et al., 2007). A method to include the drag contributed
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by the whisker spray is discussed in Savitsky et al. (2007). The method is meant
for chines-wet case and will not be described here but in Appendix B including
the extension to include chines-dry case.
3.6 Wake of Planing Surfaces
Figure 3.5: The reference axis used to describe the wake behind planing hull.
Figure 3.6: Two locations where the longitudinal wake are captured in experi-
ment.
When moving, a hull generates disturbance to the flow behind which is called
wake. For planing hull at low speed, the wake has not separated yet from the
transom thus wetting the transom; it will separate from the transom cleanly when
V /(gd) > 2.5 making the transom dry (Doctors, 2003). Typically the wake is of
no interest when designing conventional planing hull. However for stepped hull
it is useful to predict where the wake from the step will reattach to the afterbody.
Savitsky and Morabito (2010) then performed towing test experiment to capture
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the shape of the wake behind prismatic planing hull. The wake geometry is
captured at two locations, namely the centerline plane and the quarter beam
buttock (1/4beam) plane (see Figure 3.6). The quarter beam buttock plane is
a plane parallel to the centerline plane and it is situated 0.25b away from the
centerline plane. The intersection of this plane with the hull is called quarter
beam buttock line (1/4Beam line) (see Figure 3.1c). The coordinates axis being
used in describing the wake is shown in Figure 3.5. The x-axis extends along the
keel aft of the transom for the centerline wake while for the 1/4Beam wake it
extends from the 1/4Beam line. Measurement of the wake height (z) is performed
perpendicular to the x-axis. The detailed experimental data is not given in
Savitsky and Morabito (2010); only the formulation is presented as
z
b





Here, the constant K is different for chines-wet and chines-dry condition and
also different for centerline or 1/4beam wake, the value is given in Table 3.1. It
is also important to note that for the chines-dry case, the wetted beam (bwet)
is to be used rather than the physical beam (b) and only the centerline wake is
captured in the chines-dry case.
Table 3.1: Value of K for different condition
K Chines Wet Chines-Dry
Deadrise (β) Centerline Wake 1/4Beam Wake Centerline Wake
10○ 1.5 0.75 1.5
20○ 2 0.75 1.5
30○ 2 0.75 1
As Eqn.3.16 is developed from experimental data, the applicability is limited
to the range of parameter tested, and this is stated in Savitsky and Morabito
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(2010) as below:
10○ ≤ β ≤ 30○
3○ ≤ τ ≤ 5○




λK < 3.5 for β = 20○,30○ and < 2.5 for β = 10○








Since numerical solution will be the main tool in this study, a comprehensive
validation needs to be performed. If the numerical solution is able to give an
accurate solution then the subsequent study performed based on the numerical
solution can be justified. In this chapter the numerical solver used will be de-
scribed followed by different validation cases. First the simulation of prismatic
planing hull is validated against experimental data and empirical formulation.
Forces (lift and drag), center of pressure and the wake generated are compared
and studied. Finally simulation on real practical hulls (both stepped and step-
less) are then presented and compared with experimental data from towing tank
to show the capability of the numerical solution in handling complex geometry.
4.1 Numerical Solver
The commercial CFD software STAR-CCM+ is employed to simulate the hydro-
dynamics around high speed boat hull. The numerical solution employs Finite
Volume Method in solving the RANS equations. Both the continuity and mo-
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ρdV ) + ∮
A





ρv⃗dV ) + ∮
A
ρv⃗ ⊗ (v⃗ − v⃗g) ⋅ da⃗ = ∮
A
(−pI⃗ + T⃗ ) ⋅ da⃗ + ∫
V
f⃗dV (4.2)
where ρ is the density of the fluid, v⃗ is the fluid velocity, v⃗g is the grid velocity,
p is the pressure, T⃗ is the viscous stress tensor and f⃗ is the body forces. SST
(Menter) k − ω is chosen as the turbulence model. The transport equations for







ρk (v⃗ − v⃗g) ⋅ da⃗ =
∫
A
(µ + σkµt)∇k ⋅ da⃗ + ∫
V







ρω (v⃗ − v⃗g) ⋅ da⃗ =
∫
A
(µ + σωµt)∇ω ⋅ da⃗ + ∫
V
(Gω − ρβfβ (ω2 − ω20) +Dω)dV. (4.4)
The details on solving these equations numerically can be obtained in CD-
Adapco (2015). The free surface problem is solved where the both water and air
are simulated simultaneously using the Volume of Fraction (VOF) approach. Us-
ing this method the density and viscosity of the fluid are a combined properties
of air and water. An additional convection needs to be solved:
ρ = αρwater + (1 − α)ρair (4.5)





(αui) = Sα. (4.7)
Here, α is the volume fraction of water and α = 0.5 is used when visualizing the
free surface. HRIC (High Resolution Interface Capturing) is used in discretizing
the volume fraction flux. Implicit, unsteady and segregated flow techniques are
employed to solve these equations.
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4.2 Validation on Prismatic Hull
4.2.1 Geometry and Test Case
Figure 4.1: Illustration on the prismatic hull setup for validation.
A prismatic hull is an ideal test case since it has been studied extensively and
hence can be used to comprehensively compared the numerical solution. Here,
a prismatic hull is moving at a constant speed (V ) and fixed attitude which is
described by the trim angle (τ) and draft (d) as shown in Figure 4.1. The Lift
(L), Drag (D), Center of Pressure, Wetted Area and the wake formed behind the
transom are then compared with the known published data. The model being
simulated has a beam (b) of 0.2286 m (9 inches) and length of 1m. The test cases
are chosen to be relevant to monohull running condition and shown in Table 4.1.
LK is chosen instead of draft (d) for a more convenient representation, if needed
the value of d can be calculated directly as
d = LK sin τ. (4.8)
For each cases presented in Table 4.1, the hull is tested at four different speed
coefficient CV (see Eqn.3.10) at 3, 4, 6 and 8 which amounts to a total of 268
cases. On each trim angle, the shortest LK corresponds to the chines-dry case
and for this case CV is still based on the physical beam (b) as opposed to the
wetted beam (bwet). The large number of cases simulated ensure that compre-
hensive data on the wake is available to be used subsequently in investigating
the hydrodynamics of the afterbody in Chapter 5.
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4.2.2 Mesh and Boundary Condition
(a) Boundary Condition. (b) Mesh Refinement around the hull
Figure 4.2: Domain of the simulation.
A rectangular domain is chosen with −2.5 ≤ x/L ≤ 6, and 0 ≤ y/L ≤ 2.5 where
the boundaries are sufficiently far from the hull to capture the wake formed.
The vertical size of the domain is −1.8 ≤ z/L ≤ 0.9 and transom of the model is
located at x = 0. A constant velocity is imposed on the inlet condition. Pressure
Outlet boundary condition is utilized with hydrostatic pressure applied. The
rest of the boundary is specified as free slip wall condition. Mesh refinement
is being done near the hull and away from the hull since the wake geometry is
of interest here, see Figure 4.2b. Additional chine, transom and a conic shape
refinement for the spray are employed as well. The boundary layer mesh is kept
at y+ ≤ 60. A mesh dependence study is performed to study the sensitivity of
the numerical solution to the mesh density. A particular case being considered
is β = 20○, τ = 4○, LK = 2b and CV = 4. Four different mesh densities are being
simulated with the forces, moment, wetted length as well as the centerline and
1/4Beam wake calculated. The results are presented in Table 4.2.
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(a) Centerline wake.
(b) Quarter Beam Buttock Wake.
Figure 4.3: Wake comparison on different mesh density.
Figure 4.4: Volume of Fraction (VOF) of water below the hull on different mesh.
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Table 4.1: Test case for prismatic hull (each case is run at four different CV of 3, 4, 6 and 8).
Deadrise (β)
LK/b
τ = 3○ τ = 4○ τ = 5○ τ = 6○
10 0.75 1.25 2 3 0.57 1 2 3 0.45 0.75 1 2 3 0.38 0.75 1 2
15 1.2 2 3 0.97 1.5 2 3 0.7 1.25 1.5 2 3 0.6 1 1.5 2
20 1.55 2.5 3 1.17 2 3 0.95 1.5 2 3 0.78 1.5 2
25 2 3 3.5 1.5 2.5 3 1.2 2 3 1 1.5 2
30 2.5 1.9 3 1.5 2.5 3 1.25 2 3
Table 4.2: Mesh refinement study on the prismatic hull case.
Mesh No. of Cells Lift Pressure Drag Viscous Drag Total Drag Moment λK λ λC
Million N N N N Nm
1 0.6 40.98 2.87 5.19 8.05 8.34 1.94 1.29 0.51
2 1.1 41.01 2.87 5.28 8.15 8.32 1.95 1.31 0.51
3 2.3 40.48 2.83 5.45 8.28 8.28 1.99 1.30 0.49
4 4.8 40.27 2.82 5.54 8.36 8.26 2.00 1.29 0.49
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It is observed that the coarsest mesh (Mesh 1) predicts the lift to within 2% of
that of the finest mesh (Mesh 4) while the total drag is still within 4%. The
comparison on the wake formed are given in Figure 4.3; the coordinate system
is chosen as in Savitsky and Morabito (2010). The wake seems to be rather
insensitive to the mesh density. Air entrapment on the bottom of the hull can
be seen in Figure 4.4; this is marked by the value of the Volume Fraction of Water
which is slightly less than 1 in the wetted area of the hull. Similar phenomenon
of air diffusing to the bottom of the hull can also be seen in Brizzolara and Villa
(2010) and Brizzolara and Serra (2007). However as seen in Figure 4.4, this
is reduced when the mesh density is increased. Still, the air entrapment seems
does not greatly affect the force, moment as well as the wake geometry. The
noticeable effect is on the viscous drag which is slightly lower as more and more
air found on the bottom of the hull. To keep the computational cost manageable
in view of numerous cases for testing, Mesh 3 is chosen. For the chines-dry case
the mesh arrangement is similar, only the base size is 75% of the Mesh 3 case.




Figure 4.5: Wetted area at the bottom of the hull.
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As described in section 3.1, due to the wave rise the dynamic wetted area on
the bottom of the hull is larger than the static wetted area. Figure 4.5 shows
a typical wetted area of a planing hull. Here, the difference between λK and
λC denoted by ∆λ which measures the amount of wave rise will be compared.
The capability in predicting this is important for the study of the more complex
wetted area shape of the afterbody on a stepped hull. The value of λK and
λC from the numerical solution are obtained through the following procedure.
On each plane where the wetted length is measured (keel, 1/4Beam line, chine),
the curve of the free surface in front of the transom is captured. The minimum
distance of the curve to the transom along the keel direction is the wetted length
to be measured.
Figure 4.6: Comparison on wetted length difference (∆λ) between numerical
simulation and different empirical formulations.
Figure 4.6 shows the comparison of ∆λ between the numerical solution and dif-
ferent empirical formulations as a function of trim angle (τ) at different deadrise
angle (β) values. On average the numerical solution is within 3% of Brown
(1971) formulation which is known to have better fitting with experimental data
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rather than Savitsky (1964) formulation which tends to slightly under predict
the wave rise (Savitsky and Brown, 1976). This also means that the wave rise
predicted by the numerical solution is sufficiently accurate.
For the chines-dry case λC = 0 thus ∆λ = λK and hence comparison is not so
useful. The value of the wave rise factor is then chosen to be compared instead.
On a 2-D wedge, the wave rise factor is defined as the ratio between the dynamic
wetted beam and the static wetted beam (see Figure 3.1b). On a planing hull
running in the chines-dry case using slender body assumption, the wave rise
factor can be determined as the ratio of the dynamic wetted beam (AA) over
the static wetted beam (BB) and can be shown to be
wave rise factor = AA
BB
= bwet (2LK tan τ
tanβ
)−1 . (4.9)
The measurement of wetted beam bwet is similar to the wetted length measure-
ment whereby the curve captured here is perpendicular to the keel. Figure 4.7
shows the value of wave rise factor for different cases and it is close to the Wag-
ner wave rise factor of pi/2. On average it is higher by only 2.6%. Similar to the
wetted chine case, the theoretical value seems to under-predict the wave rise but
it is not that significant especially for practical purpose.
Figure 4.7: Wave rise factor vs. non-dimensional wetted keel length.
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Figure 4.8: Direct comparison on the lift coefficient from simulation with empir-
ical formulations and experimental data.
Forces
Instead of the nominal force value, the force coefficient will be compared. The
comparison is done separately for the chines-wet and chines-dry case since the
force coefficient are formulated differently. Figure 4.9a shows the comparison
of lift coefficient of two specific cases on the chines-wet case. It shows that the
numerical solution is closer to Savitsky’s formulation than the Brown-Shufford
lift, and this is in line with the experimental data as well. In general the CFD
solution on lift coefficient lies in between the two empirical equations which is a
trend that can be observed on the experimental data too. This means that CFD
is capable of giving a fairly accurate result compared to the empirical formula-
tions. The rest of the result from CFD is then compared with the Savitsky’s lift
coefficient in Eqn.3.9 on the basis of equal mean wetted length ratio λ. As shown
in figure 4.9a, there is a good agreement where the average error is computed
to be 6.7%. The drag is compared and shown in figure 4.9b where there is a
good agreement with an average error of 4.7%. The viscous drag is predicted
well since Dν = D −DP = D − L tan τ where both total drag (D) and lift (L) is
predicted accurately.
For the chines-dry case, the lift coefficient is defined as in Eqn.3.7 and denoted
by CLK . It may be noted that the lift coefficient given in Eqn.3.12 does not
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(a) Lift Coefficient. (b) Drag Coefficient.
Figure 4.9: Scatter plot comparing the measured data and calculated data of
forces coefficient for chines-wet case.
depend on the speed coefficient CV . This is also observed in the numerical
solution, from the CV tested (3, 4, 6 and 8) the variation of CLK is minimal.
Thus for each case, CLK is averaged and compared for each trim and deadrise
angle. Here, the experimental data from Shoemaker (1934) also shows a similar
behavior. The comparison is shown in Figure 4.10. It can be seen that there
Figure 4.10: Comparison of lift coefficient on chines-dry case.
is a good agreement at β ≥ 20○ between numerical, experimental and empirical
formulation. On lower β the empirical is over-predicting the lift which is due
to the factor (90β − 1) in Eqn.3.12 which becomes very large as β gets smaller.
The empirical formulation can perhaps be modified so that designer can use it
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directly. An additional factor of the form (1− exp (−kβ)) is added into Eqn.3.12
and fitting with least square method to the CFD solution may give a corrected
formulation which agree for β ≥ 10○ to within 10%. The corrected formulation
is presented as
CLK = pi(90β − 1)2 sin3 τ (1 − tan τ2 tanβ )(1 − e−0.162β) . (4.10)
Center of Pressure
The accuracy of predicting the center of pressure is important in predicting the
equilibrium point of planing hull. When a method successfully predicts the lift
but not the center of pressure then the equilibrium position will not be predicted
accurately and the performance might differ appreciably. Assuming the viscous




For the chines-wet case, a plot comparing the numerical solution with Eqn.3.15
is shown in Figure 4.11a. It shows that the numerical solution is capable of
predicting the center of pressure well. For the chines-dry case, the center of
pressure is found not to be a function of CV and thus presented here at different
τ with β as parameter. In general Figure 4.11b shows that for the chines-dry
case the center of pressure is not constant as what Savitsky and Morabito (2010)
had stated. There are variations whereby for each deadrise angle, the center of
pressure moves forward as the trim angle is getting larger. However the variation
is not too big and the assumption of lp = 0.4LK may still be useful as a first
approximation.
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(a) Scatter plot of chines-wet case
(b) Cp vs. trim angle for chines-dry case




The capability of CFD in predicting the wake height generated by planing hull
in motion is important since the afterbody of a stepped hull is subjected to the
wake from the step. This means in order to be able to predict stepped hull
performance accurately, the wake from the step must be predicted accurately.
Comparison of the numerical solution with the study by Savitsky and Morabito
(2010) on the wake behind planing hull is presented here. It is important to
note that the original experimental data is not directly available and thus only
with the empirical formulation (see Eqn.3.16) is the comparison performed. The
range of parameter where Eqn.3.16 is valid is given in section 3.6 and hence
only those cases from Table 4.1 which are within the validity are chosen to be
compared, they are presented in the following table.
Table 4.3: Test case used for wake comparison (each case is run at three different
CV of 4, 6 and 8).
Deadrise (β)
LK/b
τ = 3○ τ = 4○ τ = 5○
10 0.75 1.25 2 0.57 1 2 0.45 1 2
20 1.55 2.5 3 1.17 2 3 0.95 2 3
30 2.5 1.9 3 1.5 2.5 3
The comparison is done on the centerline wake and 1/4beam wake (see Figure
3.6). It is done in the following manner. For each of the cases, the height of the
wake (z) is obtained from the numerical solution with interval of 1b starting from
the transom up to 3b aft of the transom (see Figure 3.5 for coordinate system
used). The obtained data is then compared against Eqn.3.16. The comparison
is then shown by calculating the Root Mean Square Error (RMSe) between the
numerical solution and the wake formulation which is defined below
RMSe =
¿ÁÁÀ∑ (zCFD − zEmpirical)2
n
. (4.12)
Here, n is the number of data points collected. The RMSe value is determined
for different wake location (centerline or 1/4beam) and also a separated RMSe
value is calculated for the chines-dry case where only the centerline wake being
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evaluated. The values are reported in Table 4.4 where in general the RMSe is
less than 0.05b. This is deemed acceptable since the experimental data itself has
a scatter of ±0.03b.
Table 4.4: Root Mean Square Error (RMSe) value of different cases.





Some direct comparison on specific cases is shown in Figure 4.12 where the effect
of CV on the wake is presented. Here the empirical formulation is valid up to
x = 3b and hence it is plotted up to here only. In general the numerical solution
and the empirical formula is in good agreement though there is tendency of the
CFD to slightly under predict the wake both at keel and quarter beam buttock
line. As the speed becomes larger, the wake tends to flatten and this can be seen
by the longer wake hollow. The direct implication to the step hull design is that
as the speed increases the wetted area at the afterbody will be reduced. Hence
when a stepped hull is designed with a higher running speed coefficient, the step
height might probably needs to be lowered or otherwise the wake will not hit at
the intended location.
Apart from investigating the capability of CFD in solving the flow around plan-
ing hull, the wake will be further used in studying the hydrodynamics of the
afterbody. Hence the wake from all of the cases in Table 4.1 are captured. The
wake is captured at three different locations namely the centerline, 1/4beam and
1/2beam (see Figure 4.13). The distance behind the transom where the wake
data is captured is chosen to be 6b. The wake data as well as details on how the
wake is captured and stored are given in Appendix F.
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Figure 4.12: Wake comparison on different speed coefficient. The particular case
is: β = 20○, τ = 4○, λK = 2
Figure 4.13: 3 locations where the longitudinal wake is captured.
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4.3 Validation on Stepped Hull
4.3.1 Geometry and Test Case
The experimental data chosen for the validation case is taken from Gassman
and Kartinen (1994) where the hull was originally tested in Filling (1993). The
characteristics of the hull are given in Table 4.5 and the lines is shown in Figure
4.14. Both conventional and stepped configuration are simulated and compared
with the experimental data. The stepped hull is obtained by cutting the hull at
the step location and displacing the afterbody to the desired step height. The
step location is 0.648 m in front of the transom with height of 2.794 cm (10%
of the beam at the step location). The CG location is 0.457 m forward of the
transom corresponds to the aft most CG tested in tank. The model is tested
with free-to-trim and free-to-heave model towing carriage. Propeller force is
assumed to be acting through the center of gravity. The trim is referenced based
on the keel line similar to the experiment. In the towing test there is a spray
rails installed along the chine to make sure a clean flow separation at the chine.
Due to the lack of the detailed geometry, a small chine rail is thus added from
bow to 45% of the length and the geometry used in the CFD is given in Figure
4.15.
Table 4.5: Hull Properties.
Length (L) 1.292 m 50-7/8 inches
Chine Beam (b)
0.267 m at transom 10-1/2 inches at transom
0.270 m at Station 5 10-5/8 inches at Station 5
Depth at Stern
0.117 m at Full beam 40-5/8 inches at Full beam
0.151 m at Centerline 5-15/16 inches at Centerline
Displacement(∆) 9.05 kg 19.95 lbs
Deadrise (β) 15○at transom
Station Spacing 0.117 m 4-5/8 inches
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(a) Front View of unstepped hull. (b) Sideview of the two hulls tested.
Figure 4.14: Hull lines of the real hull.
Figure 4.15: Geometry of spray rails along the chine.
4.3.2 Mesh and Boundary Condition
The size of the domain is −2 ≤ x/L ≤ 5.4, 0 ≤ y/L ≤ 2 and −1.5 ≤ z/L ≤ 1.
Here only half the domain is being simulated. The boundary condition chosen
is similar with the previous case of prismatic planing hull. Here the equilibrium
position needs to be solved simultaneously with the flow around the hull. To
tackle the large movement of the hull ’Overset Mesh’ methodology of the code
is chosen. In this method two different mesh region need to be constructed, the
background mesh which is kept fixed and the overset mesh region where the
model is encapsulated which is moving with respect to the domain mesh. One
will need to make sure the size of the mesh on the overset boundary does not
differ significantly in order to minimize the interpolation error. The downside of
the approach is that it normally leads to higher mesh requirement. The size of
the box used for the overset mesh is 1.3L × 0.5L × 0.8L.
In order to resolve the flow accurately, several mesh refinement being used. The
mesh is getting finer closer to the hull where the big changes in the flow expected
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(a) Overset Mesh. (b) Mesh Refinement near hull.
Figure 4.16: Mesh being used in the real hull simulation.
to occur. To obtain a good flow separation, the meshes around the chine, step
and transom are refined accordingly. Due to the complex flow after the step,
this area is given more attention with fine meshes. Several refinements behind
the hull implemented to capture the wake are generated. To ensure a good free
surface resolution whenever the overset mesh is moving, an additional refinement
on the free surface is added. The boundary layer mesh is created with y+ ≤ 60.
Three different mesh configurations varying in the density is then tested to check
the level of convergence. An example of the medium size mesh around the hull
is given in Figure 4.16b. In finding the equilibrium point, the model is kept fixed
for the first 0.5s during the simulation to let the flow develop and then slowly
release for another 1s for complete free movement. Fully unsteady simulation
is performed for each case. A comparison with the experimental data for the
stepped hull at speed of 4.19 m/s (13.75 ft/s) is chosen for the study and the
result is presented in Table 4.6. The medium mesh drag differ by 1% with the fine
mesh and within 2% compared to the experiment at this particular speed, hence
the medium mesh arrangement is chosen to carry out the rest of the simulation.
Table 4.6: Mesh study on the real hull simulation.
Case No. of Cells Drag Trim Heave
Millions N ○ m
Coarse Mesh 1.3 15.05 3.83 0.0202
Medium Mesh 2.8 14.92 3.82 0.0203
Fine Mesh 5.9 15.07 3.90 0.0201
Experiment 14.63 3.90 0.0275
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4.3.3 Validation Result
The capability of CFD in predicting the behavior of real hull is investigated here.
The equilibrium position is to be solved concurrently with the flow around the
hull where not only large change from static condition is expected, instability
may occur as well. All of this makes the simulation much more challenging com-
pared to the previous case. In this validation both the conventional and stepped
hull are being considered. The CFD solution is obtained at speed starting from
1.22 m/s (4 ft/s) to 4.88 m/s (16 ft/s) with an interval of 0.61 m/s (2 ft/s). A
static case was also run employing a hydrostatic program ORCA3D (DRS Tech-
nologies, 2013) to obtain the static equilibrium. It is also important to note that
there are some scattering found in the experimental data higher than 4.27 m/s
(14 ft/s) which is attributed to the fact that the tank test is reckoned not long
enough and the carriage may not have enough power to accelerate the model to
the desired speed soon enough to enable ’clean’ data to be recorded (Gassman
and Kartinen, 1994). It is also realized due to the limitation of the physical tank,
the maximum speed tested is considered rather low for stepped hull. Hence three
additional cases at 6.1 m/s, 6.71 m/s and 7.32m/s were simulated which is faster
than the maximum speed tested in the towing test; this is done in order to study
the impact of step at high speed. The result here is presented using the speed
coefficient (CV ) as the x-axis.
The comparison between experimental and numerical can be seen in Figure 4.17.
Here, the drag is non-dimensionalized with respect to lift to give the drag-to-
lift ratio (D/L). Since at equilibrium the lift is always equal to the weight of
the model, this comparison is similar to the comparison of the drag. For the
stepless hull, there is a good agreement except at near the highest speed tested
in towing tank where the CFD solution seems to under predict the drag. On
the other hand the stepped hull drag is predicted accurately by the numerical
solution throughout the whole range tested in tank. The average absolute error
of the drag between the CFD results and experiments for the stepless hull is 6.8%
while for the stepped hull it is 4%. This suggests that the CFD is a valuable
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(a) Drag-to-lift vs. CV
(b) Trim vs. CV
(c) Sinkage vs. CV
Figure 4.17: Comparison of CFD result with experimental data.
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tool for performance prediction. Both methods (experimental and CFD) reveal
that stepped hull has lower drag only at high speed and this is realized when
CV ≥ 2.25. In all the simulations, there is no instability such as porpoising
observed.
Apart from the performance, the running attitude of the hull on water is also
important. It is typically defined by the trim angle and the sinkage which is
the movement of CG in vertical direction relative to the static position. The
trim comparison shown in Figure 4.17 shows that CFD tends to under predict
the trim despite the trend is predicted well for both hulls. For the stepless hull
the average absolute error is 21% while for the stepped hull is 12%. These error
seems high but in term of degree the average error for stepless hull is only 0.75○
and 0.46○ for the stepped hull which is deemed reasonable. It can be observed
that the trim of stepped hull tends to be higher than the stepless hull, this is
more pronounced as CV goes higher where the stepless hull trim drops below
2○ and the stepped hull remain around 4○ at the highest speed simulated. The
increase in trim is expected because when the afterbody is shifted up, the loss of
lift needs to be compensated by higher trim and the afterbody needs to produce
lift to make sure the force equilibrium is achieved. As Savitsky and Morabito
(2010) have discussed, the trim plays an important factor on the performance
and this is one of the reason that stepped hull has lower drag at higher speed.
Figure 4.18: Sinkage (modified) vs. CV .
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The sinkage comparison in Figure 4.17 shows that there are some differences
between the numerical and experimental results. CFD results in lower sinkage
in both stepless and stepped models despite similar trend predicted. One pos-
sible reason is the difference in the reference used. In CFD, sinkage is zero at
static condition while it is not mentioned in the experimental work (Gassman
and Kartinen, 1994). The comparison seems to suggest that the two graphs have
been translated with respect to one other. A simple comparison is then made
by altering the definition of sinkage as the change of CG in vertical direction
with respect to the CG at CV = 0.75 (the lowest speed being tested in tank).
This is done to ascertain the difference observed is possibly due to the difference
in reference point. The resulting graph is given by Figure 4.18 where the com-
parison is much better. This seems to suggest that the discrepancies previously
seen might stems largely from the differences in the reference point. From the
comparison it can be seen that in general the numerical result is able to predict
the result from experimental towing tank with an acceptable error.
Preliminary investigation on the effect of spray on stepped planing
hull
The comparison on D/L reveals an interesting behavior of stepped hull where
the drag is rather constant up to CV = 3.8 and it starts to increase dramatically
at higher speed. This behavior was also observed in other experimental data
such as the towing test performed by Garland (2011). Figure 11 of the reference
shows that the hull with 4% and 6% step height have a flat drag curve up to
CV = 4.2 and increases only beyond this point. This behavior of sudden drag
increment in stepped hull is interesting especially knowing that for the existing
model the trim remains rather constant at high speed (see Figure 4.17). As
discussed by Savitsky and Morabito (2010), the trim plays an important role on
the efficiency of a planing hull. The fact that trim remains constant while drag
substantially increased implies that there is another mechanism that produces
drag on a stepped hull.
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Figure 4.19 shows the underwater pictures from the simulation for high CV (3.0,
3.8 , 4.2 and 4.5). It shows that at CV = 4.2 and CV = 4.5, there are some
additional wetting as shown by the dashed box which coincides with the fact
that the drag is starting to increase substantially as shown in Figure 4.17. This
additional wetting is the result of the blister spray shooting from the intersection
of stagnation line with the step (see Figure 2.7) which then hits the afterbody.
This phenomenon happens only at high speed for a single step hull since at lower
speed the stagnation line will intersect the chine and the blister spray is thrown
away from the hull (see Figure 4.20). As the spray impacts the afterbody, it will
develop both pressure force and frictional force. The component opposite of the
movement of the hull is called drag and the breakdown of these forces on the
afterbody is given in Figure 4.21. The total lift on the afterbody is also given.
It is observed that once the spray wet the afterbody (at CV = 4.2) the viscous
drag on the afterbody increases by 149% compare to the case when it does not
(CV = 3.8); this translates to 59% increase in total drag of the afterbody. On
the other hand, the pressure drag on the afterbody only increases by 15% while
the lift curve shows that there is an additional lift of only 13%. This suggests
that the spray introduces mainly frictional force.
This picture of how the spray interacts with the afterbody is also consistent
with the fact that since pressure force is acting perpendicular to a surface, it
will produce an appreciable lift force. On a flat surface the pressure force will






where τ is the trim angle of the surface. This means that if the spray mainly
contributes to pressure force, it should not cause deterioration to the performance
of a stepped hull as shown in Figure 4.17 or that as shown from experimental
data of Garland (2011). In fact when τ ≈ 4○, one has Dp/Lp ≈ 1/ tan 4○ = 0.070
which is significantly lower than the D/L of the hull which is equal to 0.231
(CV = 4.5). Thus if the pressure force by the spray is high, the overall D/L
might even be reduced which is clearly not observed.
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(a) CV = 3.0.
(b) CV = 3.8.
(c) CV = 4.2.
(d) CV = 4.5.
Figure 4.19: Wetted area of the stepped hull at different speed.
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Figure 4.20: The spray developed when the stagnation line is intersecting with
the chine at CV = 3.0.
Figure 4.21: Breakdown of the forces on the afterbody.
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4.4 Conclusion on Validation
From both of the validation cases where detailed flow around the prismatic hull
and real hull, the numerical solution obtained through CFD gives a satisfactory
result and considered viable for further study on the flow around a stepped hull.
The wetted area, lift, drag and center of pressure around prismatic planing hull
is shown to agree well with the experimental data and at times can be more
accurate than the empirical formulation available. The wake height generated
by the planing hull is also tested against empirical formulation and shown that
the Root Mean Square Error (RMSe) is less than 0.05b.
Comparison with real hull experimental data where the equilibrium needs to
be solved shows further the capability of the CFD solution. Both the stepless
and stepped hull performance and attitude are predicted with an acceptable
agreement. For the stepped hull case where more complex flow is expected, the
performance of the hull in term of D/L is predicted with average error of 4%
compared to experiments. The error on the trim angle itself is less than 0.46○.
Further simulation on the speed faster than what the experiment has performed
also shows that CFD can predict the known behavior of stepped hull when the
stagnation line crosses the step. Based on the validation result, further study on




The main issue in predicting the performance and equilibrium condition of
stepped hull is the hydrodynamics of the afterbody is not known. Therefore,
a method to predict the force and moment on the afterbody will be presented.
Before that, the suggestion by Savitsky and Morabito (2010) as well as the pro-
posed method by Svahn (2009) will be described. However, they have not done
any comparison against experimental or numerical solution to check the appli-
cability and accuracy of their method. Here, their suggestions as well as the
existing formulation are discussed in detail w.r.t. computational fluid dynamics
results. In this chapter, since one has to deal with two planing surfaces (forebody
and afterbody), a naming conception is chosen where any variable with subscript
’1’ belongs to the forebody while subscript ’2’ belongs to the afterbody.
The general idea in calculating the stepped hull performance is described in Fig-
ure 5.1. First the forebody is analyzed via Savitsky’s Procedure and employing
the information obtained, the wake generated from the step is determined. This
wake is then used as an input flow for the afterbody. With the appropriate after-
body model, the force and moment of the afterbody are calculated. Finally, the
force and moment on the whole craft can be computed and equilibrium state can
be found. It is important to note that for this approach to work, it is assumed
that the presence of the afterbody does not interfere with the flow around the
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Figure 5.1: General Framework in predicting Stepped Hull performances.
forebody (so that Savitsky’s Procedure can be applied to the forebody). As a
starting point, the above hypothesis is assumed to be applicable. The applicabil-
ity of it will be discussed further in Section 5.4.3. As discussed in Appendix A,
Savitsky’s Procedure can be regarded as a function (denoted by SP here) which
takes 5 inputs and produces outputs relevant to planing hull performance. The
inputs are speed (V ), beam (b), deadrise angle (β), trim angle (τ) and wetted
keel length (LK). The outputs are the wetted length ratios (λK , λ, λC), wetted
beam (bwet), forces (L, D) and center of pressure (LCP , V CP ). It is expressed
as
SP (V, b, β, τ,LK) = (λK , λ, λC , bwet, L,D,LCP,V CP ). (5.1)
Using Savitsky’s Procedure as the framework, the problem of afterbody sub-
jected to the wake from the step is translated into finding an equivalent prismatic
hull that has similar hydrodynamics feature and performance.
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5.1 Suggestion by Savitsky and Morabito
Figure 5.2: Trim angle at keel and wetted keel length of the afterbody of stepped
hull.
Apart from developing a formulation for the wake behind a planing hull, Savitsky
and Morabito (2010) suggested that the wake can be used to locate the afterbody
at the appropriate location. The proposed method is still based on Savitsky’s
Procedure with the centerline wake is used as the representative inflow. The flow
velocity at the wake is assumed to be equal to the speed of the craft (V ). The
afterbody beam (b2) and the deadrise angle (β2) are being used directly. The
trim angle is chosen as the angle between the afterbody keel and the centerline
wake at the intersection point as illustrated by τk in Figure 5.2. The wetted keel
length LK2 is determined by the distance from the afterbody transom to the
point of intersection of the wake with afterbody keel. Finally the hydrodynamics
properties of the afterbody are obtained via the input into SP , this is expressed
as
SP (V, b2, β2, τK , LK2). (5.2)
It is important to note that the outputs, especially the Lift and Drag vector are
oriented in the local axis. The Lift vector is perpendicular to the incoming flow
(in this case, the direction of the inflow is the tangent of the centerline wake
when it intersects the keel) while the Drag vector is parallel to the incoming
60





Figure 5.3: Important Properties used in Svahn’s Method.
Svahn (2009) suggested a method which takes into account the geometry of the
wake. Here, the important idea will be presented while for more detail, it is
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presented in the reference. The important parameter being used in this method
is given in Figure 5.3. For simplicity, it is assumed that the beam of the forebody
and afterbody are equal (b1 = b2). Unlike in the previous method, the value of
τ and β to be inputted to SP is different. Here, the trim angle (τ) of the
representative inflow is given by τ1/4 which is the angle between the wake and
the afterbody on the quarter beam buttock plane (1/4beam) as shown in Figure
5.3a.
Figure 5.4: Illustration on the simplification of the wake into a V-shape surface.
Svahn (2009) then suggested that since the wake is not flat, the geometry of the
wake has to be taken account. First, the wake is simplified into a V-shape surface
which is defined by the centerline wake and the 1/4beam wake as illustrated in
Figure 5.4. Hence at any longitudinal location (as shown in Figure 5.3c) the
wake deadrise angle (βw) is determined by
βw(x) = arctan(0.25b1 tanβ1 + z1/4(x) − zCL(x)
0.25b1
). (5.3)
Since the wake makes an angle βw with the horizontal , it will reduce the deadrise
angle of the afterbody (see Figure 5.5) and the ‘effective’ deadrise angle (βe) can
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Figure 5.5: Illustration on the ’effective’ deadrise angle (βe).
be calculated by
βe = β2 − βw. (5.4)
The location at which βw(x) is evaluated is chosen at x = x1/4 which is the longi-
tudinal location from the step where the 1/4beam wake intersects the afterbody
(see Figure 5.3b). This way, the value of β used as an input to SP is given by
βe = β2 − βw(x1/4). (5.5)
The beam (b) being used in the method is the projection of the physical beam
to the local wake curve (for the derivation please refer to Svahn (2009)) which
is given by
be = 4(x1/4 − xCL) tan τe
cosϕ tanβe
. (5.6)
Here, ϕ is the angle between the afterbody keel and the forebody keel. The
wetted keel length LK2 value is the same as in Savitsky and Morabito’s suggestion
in the previous section. Finally the hydrodynamics properties of the afterbody
are obtained via the input into SP , this is expressed as
SP (V, be, βe, τ1/4, LK2). (5.7)
It is also important to note that the outputs forces are oriented in the local
axis. Furthermore, the Lift is always perpendicular to the wake (which is ori-
ented at βw w.r.t the horizontal). Hence appropriate transformation needs to be
performed first. This will be discussed in greater detail in the next section.
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5.3 Proposed Method
The proposed method is developed under the framework of Savitsky’s Procedure.
Equivalent parameter is to be chosen that is capable of providing an adequate
model in predicting the hydrodynamics of the afterbody.
5.3.1 Determination of Equivalent Prismatic Hull
Figure 5.6: Spray Root Line at the Afterbody.
Similar to Svahn’s Method, the deadrise angle (β) to be used as an input to
Savitky’s Procedure (SP ) takes into account the wake deadrise angle (βw). The
wake behind the step is simplified into V-shape surface the same way as Svahn’s
Method (see Figure 5.3c), thus
βw(x) = arctan(0.25b1 tanβ1 + z1/4(x) − zCL(x)
0.25b1
). (5.8)
However, the location where βw is evaluated in determining βe is not at x = x1/4
(as used in Svahn’s Method; see Figure 5.3b). This is because when the afterbody
is moving through the wake, there will be wave rise and the hypothetical x1/4
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point will be located inside the wetted area behind the spray root line (see Figure
5.6). Instead, βw(x) is evaluated at x = xM which is the intersection of the spray
root line with 1/4Beam line on the afterbody. This is a similar idea as when
Savitsky’s Procedure (SP ) is applied to a warped planing hull (Savitsky, 2012)
where the location of intersection between the spray root line and the 1/4Beam
line is used in determining the effective deadrise angle (βe). The equivalent
deadrise angle is given by
βe = β2 − βw(xM). (5.9)
However, xM is not known in the first place. It can be determined by noting
from Figure 5.6 that the following relation holds
xM = xCL + 1
2
(LK2 −LC2)
= xCL + 1
2
b2(λK2 − λC2)




Here, the calculation of ∆λ2 follows the idea used in calculating ∆λ on warped
hull (Savitsky, 2012) whereby the effective deadrise (βe) and trim angle can be




Substituting Eqns.5.10 and 5.11 into Eqn.5.9 leads to
βe = β2 − βw(xM)
= β2 − βw (xCL + 1
2
b2∆λ2)




The effective trim angle (τe) is simply the angle of the centerline wake when
it hits the keel. As such, thus τe = τK (this is the same as in Savitsky and
Morabito’s suggestion, see Figure 5.2). Once τe is known, Eqn.5.12 can be solved
to obtain the effective deadrise angle (βe) value. The solving procedure is further
explained in Appendix C. The beam value is chosen as b2 for simplicity due its
the projection to the local waterline (as used in Svahn’s Method) will not differ
65
significantly. Finally the forces and center of pressure of the afterbody can be
calculated via input into
SP (V, b2, βe, τK , LK2). (5.13)
Figure 5.7: The force component as the wake impacts the afterbody.
The output from the procedure is not necessarily oriented in global axis, hence
appropriate transformation is needed and described here. As the wake hits the
afterbody, both pressure and friction forces will be generated. The lift output
from Savitsky’s Procedure (Eqn.5.13) is primarily due to the pressure force con-
tribution. This is because the friction force contribution to lift is small. If L′P is
the lift output, it is perpendicular to the orientation of the incoming wake which
is not necessarily horizontal (see Figure 5.7). Since pressure acts perpendicular
to the surface, the normal force (N ′) can be calculated by
N ′ = L′P
cos τK
. (5.14)
Furthermore, the lift output from Savitsky’s Procedure is acting perpendicular
to the water surface (so does N ′). As shown in Figure 5.8, the wake is not
horizontal and has its own deadrise angle (βw). Hence N
′ acts perpendicular
to the wake surface and finally the total pressure force (N2) on the afterbody is
given by




Figure 5.8: Force component developed at the afterbody viewed from the front.
N2 can then be resolved to obtain the afterbody lift (L2) and the afterbody
pressure drag (DP2), they are given by
L2 = N2 cosβ2 cos τ2 (5.16)
DP2 = N2 cosβ2 sin τ2. (5.17)
The frictional force contribution is calculated normally as explained in Chapter
3. For full scale ship, the Reynolds number at high speed is large enough to
make sure turbulent flow at both forebody and afterbody, thus the ITTC 1957
formulation should be used. However, at model scale the Reynolds number at the
afterbody might falls into the transitional region and the IITC 1957 might over
predict the viscous drag. Since only model scale data is available for comparison
(see Chapter 6), a value of Cf = 0.003 at the afterbody is chosen for simplicity
which seems to be reasonable for a starting point. As a comparison, the Prandtl-
Schlichting skin friction coefficient as depicted by curve 3a in Figure 5.9 shows
the value of Cf at transitional flow regime. The formula of this curve is given in







Figure 5.9: Flat plate frictional force formula; comparison between experimental
data and theory (taken from Savitsky et al. (2007)).







= L′P ( cosβ2 cos τ2cosβe cos τK )
L′P ( cosβ2 cos τ2cosβe cos τK ) tan τ2 + 12ρV 21 λb22Cf secβ2 sec τ2
= C ′L ( cosβ2 cos τ2cosβe cos τK )
C ′L ( cosβ2 cos τ2cosβe cos τK ) tan τ2 + (V1V )2 λCf secβ2 sec τ2 .
(5.19)
Where C ′L is the lift coefficient used in Eqn.5.13.
5.3.2 Case when Afterbody beam is different
The simplification of the wake from the step that has been discussed is done
using the forebody as a reference (using the centerline wake and the wake on
the 1/4Beam plane of the forebody). This is fine if the hull has constant beam
(i.e. b1 = b2). However, when b1 ≠ b2, the simplification of the wake as described
becomes questionable. This is because at each longitudinal location, the original
wake is not a perfect V-shape but a curved surface (see Figure 5.4). Even when
the hull has a constant beam, at high speed the afterbody might be running in
chines-dry condition (see Figure 3.2) which means the beam is effectively reduced
(i.e. b2wet < b2 = b1). Since this often happens, it needs to be properly addressed.
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Figure 5.10: Illustration on the simplified wake using different plane.
Ideally, when the hydrodynamics of the afterbody is to be calculated, the refer-
ence should be the afterbody. This means that the wake is to be simplified using
the wake on the centerline plane and 1/4Beam plane of the afterbody (instead of
the forebody). Perhaps, it can be explained by looking at Figure 5.10. It shows
two different cases, the left side (Case I) depicts the case where b1 = b2 while the
right side (Case II) depicts the case where b1 > b2. The wake simplification in
Eqn.5.8 will produce the wake deadrise angle of β1w as shown in the left side of
the Figure. While in the second case, if the wake is simplified using the afterbody
as the reference, the wake deadrise angle will be β2w. Since the wake typically
has a convex shape, the following relation holds
β1w ≥ β2w. (5.20)
Which then combined with Eqn.5.9 to give
β1e ≤ β2e . (5.21)
This shows that by using the forebody as the reference in simplifying the wake,
the effective deadrise angle on the afterbody will be under predicted when b2 <
b1. Hull with lower deadrise generates higher lift, thus the over prediction on
afterbody lift is expected. This over prediction will be seen later in Section 5.5.
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Furthermore, it will also over predict the lift at the afterbody when it is running
on chines-dry condition as discussed in Section 5.4. In order to simplify the
wake using the afterbody as the reference, the wake on the 1/4Beam plane of
the afterbody is needed. Unfortunately, they are not available and capturing
them is not quite practical since there will be too many locations. In order to
overcome this, a simple linear variation of βw value along the transverse direction
is assumed and presented:
β′w = b2wetb1 βw(x). (5.22)
Substituting the above formulation to Eqn.5.12 gives the modified equation to
be solved
βe = β2 − b2wet
b1
βw(x = xM). (5.23)
This equation is solved in a similar manner and the method is described in
Appedix C. As a note, if the forebody is running in chines-dry condition, b1 is
to be replaced by b1wet. Finally, table 5.1 provides a summary of the input of
different afterbody model to the Savitsky’s Procedure (SP ).
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Table 5.1: Summary of the input to Savitsky’s Procedure (SP ) for different afterbody model.
Input Savitsky and Morabito (2010) Svahn (2009) Proposed Method
Velocity (V ) V V V
Beam (b) b2 be (Eqn. 5.6) b2
Deadrise (β) β2 βe (Eqn.5.5) βe (Eqn.5.12)
Trim (τ) τK (Figure 5.2) τ1/4 (Figure 5.3a) τK (Figure 5.2)
Wetted Keel Length (LK) LK2 LK2 LK2
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5.4 Main Study
In this section, detailed flow study of the hydrodynamics of the stepped hull
is performed. The study begins by considering the following case as shown in
Figure 5.11. The same notation is used throughout where subscript 1 refers to
forebody and subscript 2 refers to afterbody. A simple prismatic stepped hull
consisting of both prismatic forebody and afterbody with equal beam (b1 = b2 = b)
is considered. In particular, the afterbody keel is parallel to the forebody keel.
The forebody position is fixed here. In this study, the afterbody length (L2) and
the height of the step (h) are varied systematically. The general condition being
studied is presented in table 5.2.
Figure 5.11: Properties of the case being studied.
Table 5.2: Properties used in main study.
Forebody
Beam b 0.2286 m (9 inch)




Wetted Keel Length LK1 2




Afterbody Length L2 (1.5, 2, 2.5) b
Step Height h (2, 4, 6, 8, 10) %b
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5.4.1 Simulation Setup
The domain used is −2.5 ≤ x/L1 ≤ 6, 0 ≤ y/L1 ≤ 2.5 and −1.8 ≤ z/L1 ≤ 0.9.
The step is located at x = 0. A constant velocity (V ) is imposed on the inlet
boundary. The rest of the boundary condition and physics model are the same
as the previous simulation (see Section 4.2). Here additional mesh refinement
is added behind the step and around afterbody to make sure the wake and the
flow is resolve accurately, this can be seen in Figure 5.12. The boundary layer
mesh is designed to make sure that y+ < 60 on the hull.
Figure 5.12: Mesh used in the main study. Bottom figure shows the refinement
at the step region.
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5.4.2 Simulation Result
Table 5.3: Simulation Result (the data presented is for the afterbody).
L2 h
CV = 4 CV = 6
Lift Drag Moment dCP Lift Drag Moment dCP
b %b N N Nm b m N N Nm b m
1.5
2 28.64 4.35 4.00 0.89 0.20 45.04 6.49 5.37 0.98 0.22
4 14.14 2.15 0.91 1.22 0.28 3.60 0.81 0.10 1.38 0.32




2 42.27 6.73 9.01 1.07 0.24 67.29 10.72 13.56 1.12 0.26
4 36.61 5.51 5.36 1.36 0.31 49.74 7.06 5.17 1.55 0.35
6 25.48 3.54 2.18 1.63 0.37 7.22 1.46 0.29 1.83 0.42
8 6.59 1.27 0.36 1.76 0.40 0.28 0.16
10 1.73 0.45 0.01 1.97 0.45
2.5
2 57.13 9.22 15.88 1.28 0.29 88.93 15.20 24.21 1.31 0.30
4 51.57 8.08 11.50 1.52 0.35 76.62 12.09 14.54 1.67 0.38
6 46.12 6.78 7.72 1.77 0.40 58.27 8.37 6.17 2.04 0.47
8 35.09 5.09 3.98 2.00 0.46 10.72 2.33 0.73 2.20 0.50
10 16.40 2.75 1.32 2.15 0.49 1.85 0.63
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5.4.3 Effect of the Afterbody Presence to Forebody Hydrody-
namics
As discussed at the beginning of this chapter, the presence of the afterbody is
assumed not to affect the flow at the forebody. If it alters the forebody hydro-
dynamics significantly, Savitsky’s Procedure will not be valid for the forebody
anymore. Because of its importance, the effect of afterbody presence is discussed
here using the simulation result described in Table 5.3. Figure 5.13 and 5.14 show
the effect of different afterbody parameter to the forebody hydrodynamics. The
solid black curve shows the condition where there is no afterbody. It is observed
that there are slight changes on the lift, drag and center of pressure when the
afterbody parameters are varied. However, these changes are generally within
10% compared to the case where the afterbody is absent. This justify the usage
of Savitsky’s Procedure on the forebody.
(a) Effect on Lift. (b) Effect on Drag.
(c) Effect on Center of Pressure.
Figure 5.13: Effect of step height (h) on the hydrodynamics on the forebody
under different afterbody length (L2) at CV = 4.
Figure 5.15 shows the effect of the wake generated from the forebody by the
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(a) Effect on Lift. (b) Effect on Drag.
(c) Effect on Center of Pressure.
Figure 5.14: Effect of step height (h) on the hydrodynamics on the forebody
under different afterbody length (L2) at CV = 6.
presence of the afterbody. The red solid line is the original wake from the
forebody without any afterbody while the blue dot is the wake captured when
the afterbody is present. In the two cases above, there seems to be no significant
changes in the wake generated. The existing comparison shows that for stepped
planing hull, the presence of the afterbody alters the hydrodynamics of the
forebody only slightly. This is important since it means that the framework
shown in Figure 5.1 where the forebody and afterbody analysis are decoupled
can be applied.
5.4.4 Comparison and Discussion
Five different methods are considered and described in table 5.4. They differ on
the formulation used to obtain the wake and the afterbody model used. Method
1 and Method 2 differ only on the wake formulation employed. Method 1 uses the
wake formulation from Savitsky and Morabito (2010) while Method 2 uses the
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(a) h = 6%b; L2 = 2b; CV = 4.
(b) h = 4%b; L2 = 2b; CV = 6.
Figure 5.15: Effect of the afterbody presence on the centerline wake from the
forebody.
captured wake from CFD. Method 3 employs Svahn (2009) method as discussed
in Section 5.2. Finally, Method 4 and Method 5 are based on the proposed after-
body model as discussed in Section 5.3. Method 4 solves Eqn.5.12 while Method
5 solves Eqn.5.23 which takes into account the variation of βw in transversal
direction. Tabulated results of the computation are given in Appendix D.
Table 5.4: Description of Method being used to study the afterbody hydrody-
namics.
Method Wake Afterbody Model Remark
1 Empirical Savitsky and Morabito Section 5.1
2 CFD Savitsky and Morabito Section 5.1
3 Empirical Svahn Section 5.2
4 CFD Proposed Model
Section 5.3, based on
Eqn.5.12
5 CFD Proposed Model
Section 5.3, based on
Eqn.5.23
Lift
Figures 5.16 and 5.17 show the lift comparison between CFD and all of the five
methods. It is observed that Methods 1 and 2 fail to predict both the trend
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and magnitude. CFD shows that the lift decreases as the step height increases.
On the other hand, Method 1 under predicts the lift by about 50% at lowest
step (h = 2%b) and over predicts the lift at the highest step (h = 10%b) by more
than 50%. This is a significant difference which will affect the prediction of the
equilibrium and performance of stepped hull. Method 2 does not really improve
the prediction despite the wake formulation used is based on the captured CFD
wake. The difference in lift between Methods 1 and 2 are appreciable, this
suggests that wake geometry clearly affects the generated force both in term of
magnitude and trend.
From Figures 5.16c and 5.17c, the Svahn’s Model as employed in Method 3 has
the worst prediction. It always under predicts the lift. Further investigation
reveals that the value of afterbody beam predicted by Eqn.5.6 tends to result
in smaller value (see Table D.3). As an example take the case with the lowest
step height (h = 2%), longest afterbody length (L2 = 2.5b) and CV = 4, CFD pre-
dicted that the afterbody is running on chines-wet condition. However, Method
3 predicts b2wet = 0.61b resulting in 65% lower lift. Several other cases appear to
reveal a similar issue; this suggests that the application of Eqn.5.6 to calculate
the projected beam is not accurate. The use of τe = τ1/4 in Svahn’s method also
makes the trim angle on the afterbody to be rather small. This is explained
by the fact that the 1/4Beam wake rise slower than the centerline wake. Fur-
thermore, the applicability of Svahn’s model is limited due to its incapability of
handling chines-dry condition.
In comparison, Methods 4 and 5 show superior capability in predicting the lift
of the afterbody. The lift trend is followed where it is reduced as the step height
is increased. Method 4 differs from Method 2 in the effective deadrise (βe) used
where it takes account the shape of the wake. Based on the fact that Method 4
is able to predict the lift at low step much better than Method 2, this suggests
that the wake is far from flat when it impacts the afterbody. In this case the
effective deadrise angle that the water sees is smaller than the physical deadrise;
this results in higher lift (higher deadrise will have lower lift due to more pressure
is directed to the centerplane). Figure 5.18a shows the geometry of the wake
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(a) Method 1. (b) Method 2.
(c) Method 3.
(d) Method 4. (e) Method 5.
Figure 5.16: Comparison on afterbody lift by different methods at CV = 4.
when it hits the keel; it is not flat, even at the location where it intersects with
the 1/4beam line as shown in figure 5.18b.
The comparison of the lift also reveals that Method 4 tends to over predict the
lift at either high h or short L2 value. Closer examination of these cases reveals
that the afterbody is running under chines-dry case. As discussed in Section
5.3, the wake is not a perfect V-shape but tends to be flatter near the centerline
(see Figure 5.10). This means that the value of βw used in Method 4 is larger
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(a) Method 1. (b) Method 2.
(c) Method 3.
(d) Method 4. (e) Method 5.
Figure 5.17: Comparison on afterbody lift by different methods at CV = 6.
than what it should be when chines-dry case is met (b2wet < b2). It then results
in lower effective deadrise angle (βe) value which eventually leads to higher lift.
Method 5 improves Method 4 by taking account the wake curve with a simple
linear variation as depicted in equation 5.22, and finally solves Eqn.5.23 which
gives the most accurate prediction here.
In general Method 5 appears to be the best in predicting the lift of the afterbody.
It is able to not only predict the trend for different cases (both CV = 4 and CV = 6)
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(a) On plane x = 0.77b (b) On plane x = 1.55b
Figure 5.18: Wake contour superimposed with afterbody with step height of 4%b
(origin is at step).
but also has a good quantitative comparison with simulation as shown in Figure
5.16 and 5.17. For further discussion, Method 2 is preferred to Method 1 since
the former uses the CFD captured wake thus providing better comparison with
the CFD result. Method 3 which is based on Svahn’s Method is considered not
good enough for practical usage and will not be further discussed.
Drag
Lift is important, especially when one is trying to find the equilibrium of a
stepped hull. However, the total drag is another important parameter which
decides the performance of a hull. Figure 5.19 shows the drag comparison from
the different methods. Methods 1 and 3 will not be discussed further for the
reason provided in the previous section. As observed, the trend for the drag is
similar to the trend for the lift. The drag of the afterbody is reduced when the
step height increases. Method 2 tends to under predict the drag while Method 4
performs much better and able to follow the trend of the simulated drag curves.
Method 5 is an improvement over Method 4 in those areas where the afterbody
is running on chines-dry condition.
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(a) Method 2. CV = 4 (b) Method 2. CV = 6
(c) Method 4. CV = 4 (d) Method 4. CV = 6
(e) Method 5. CV = 4 (f) Method 5. CV = 6
Figure 5.19: Comparison on afterbody drag by different methods.
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Wetted Area
Figure 5.20: Wetted area of a stepped hull.
Another interesting comparison is the prediction of wetted area at the afterbody
by the different methods. An example of wetted area obtained through simula-
tion is given in Figure 5.20. A direct comparison of the shape of the wetted area
will be discussed here. Figure 5.21 shows the wetted area comparison predicted
by CFD (top half) and by the different Methods (bottom half) for h = 2%b,
4%b and 6%b. In these cases Methods 4 and 5 predict the afterbody running in
chines-wet and as such, they will produce the same wetted area (since the same
equation is being solved). Method 2 leads to all chines-dry condition even at the
lowest step height; this is due to the fact that βe in Method 2 is high since βw
is not taken account. High βe leads to high ∆λ value as given in Eqn.3.2, hence
resulting in chines-dry prediction. In contrast, at h = 2%b, CFD predicts signif-
icant wetting on the chines of the afterbody and this concurs well by Method 4
(and 5) as shown in Figure 5.21b.
Comparison of the case when afterbody is running on chines-dry condition reveals
the difference between Method 4 and 5 as shown in Figure 5.22. The wetted beam
(bwet) predicted by Method 4 is significantly larger than the CFD result. On the
other hand, Method 5 seems able to predict the shape of the wetted area much
better. Method 4 assumes that the wake is a perfect V-shape and thus even
when the wetted beam is smaller, the value of βw is larger than what it should
be as shown in Figure 5.10. This leads to smaller value of effective deadrise angle
83
(a) Method 2. h = 2%b,L2 = 2b (b) Method 4 and 5. h = 2%b,L2 = 2b
(c) Method 2. h = 4%b,L2 = 2b (d) Method 4 and 5. h = 4%b,L2 = 2b
(e) Method 2. h = 6%b,L2 = 2b (f) Method 4 and 5. h = 6%b,L2 = 2b
Figure 5.21: Comparison of wetted area on CV = 4 between CFD and different
Methods.
(βe), which eventually leads to larger wetted beam value (See Eqn.3.5). Not only
for the case shown here, but in general Method 5 shows a superior capability on
all the cases that have been compared.
Center of Pressure
Apart from the forces, the center of pressure prediction is important since it will
determine the moment created by the afterbody which in turn will be used in
calculating the equilibrium point of the stepped hull. Here the value of dCP (see
Figure 5.11) which measures the longitudinal location of the afterbody center
of pressure measured from the step is compared between CFD and the different
methods and presented in Figure 5.23. Method 2 typically leads to a larger value
dCP when compared to the CFD which is explained by the fact that Method 2
predicts smaller wetted area and thus the lift is concentrated near the transom
of the afterbody. Method 4 and 5 are capable of predicting dCP very well, the
difference between these two is very small.
The present study reveals the capability of the different methods in predicting
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(a) Method 4. h = 4%b, L2 = 1.5b
(b) Method 5. h = 4%b, L2 = 1.5b
Figure 5.22: Comparison of wetted area on chines-dry afterbody condition on
CV = 6 between CFD and different Method.
the hydrodynamics of the afterbody. The suggestion by Savitsky and Morabito
(2010) which only takes into account the centerline wake leads to under predic-
tion of both the lift and drag. Further improvement by Svahn (2009) by sim-
plifying the wake into a V-shape proves incapable of predicting the trend of the
forces; in fact it has a far worse performance than the aforementioned method.
The trim angle and effective deadrise angle for input to Savitsky’s Procedure are
chosen at the location where the 1/4beam wake touches the afterbody seems to
be quite problematic. By using a similar wake simplification, a better prediction
can be achieved using value of τ and βe at the location where the spray root
line intersect with the 1/4beam line of the afterbody. Furthermore, assuming
that βw varies linearly in the transversal direction as depicted by Eqn.5.23 gives
rise to improved prediction for the case when afterbody is running at chines-dry.
Overall the proposed (Method 5) seems to be able to predict lift, drag, center of
pressure as well as the wetted area on the afterbody with reasonable agreement
with the CFD results.
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(a) Method 2. CV = 4 (b) Method 2. CV = 6
(c) Method 4. CV = 4 (d) Method 4. CV = 6
(e) Method 5. CV = 4 (f) Method 5. CV = 6
Figure 5.23: Comparison on dCP by different method.
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5.5 On Afterbody Beam Width
Figure 5.24: Illustration on the case when afterbody beam is different than the
forebody.
The simplification of the wake into a V-shape surface (see Figure 5.4) needs fur-
ther evaluation especially when the afterbody and forebody beams are different.
In order to do this, several cases where the afterbody beam is smaller (b2 < b1)
will be investigated. This way, the whole afterbody will be subjected to a smaller
region near the centerline which might have different βw value. Methods 2, 4 and
5 will be compared against CFD computation. Table 5.5 shows the case to be
investigated. Here, the forebody is positioned at the same location and attitude
as for the previous case (see Table 5.2). An additional calculation designated as
Method 6 is performed using the ’correct’ βw value which is obtained by specif-
ically capturing the wake on the 1/4Beam plane of the afterbody on each case
(see β′w in Figure 5.24). Eqn.5.12 then solved using β′w to obtain the effective
deadrise βe of the afterbody. Thus, for the case with b2 = 0.25b1, b2 = 0.5b1
and b2 = 0.75b1, the additional wake are captured at y = 0.125b1, y = 0.25b1 and
y = 0.375b1, respectively (y is in transverse direction).
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Table 5.5: Afterbody properties used in investigating the effect of afterbody
beam.
Beam b2 (0.25, 0.5, 0.75)b1
Deadrise β2 20
○
Length L2 (1.5, 2)b1
Step Height h 4%b1
Figure 5.25 shows the lift comparison. Method 2 tends to under predict the lift
since βw is not taken account. Method 4 is constantly over predicting the lift,
especially on the shorter L2 = 1.5b1 case. Method 5 shows an improvement over
Method 4 on all cases. The absolute average error on all cases for Method 4 is
34.6% while for Method 5 is 6.6%. As expected, Method 6 is able to predict the
lift well with average error of 7.8%. This justifies the idea that to calculate the
hydrodynamics of the afterbody, the wake is to be simplified using the afterbody
as the reference. By doing this, the effective deadrise angle (βe) can be obtained
and Savitsky’s Procedure can then be applied.
(a) L2 = 1.5b1. (b) L2 = 2b1.
Figure 5.25: Comparison of afterbody lift on different afterbody beam size.
The center of pressure comparison is shown in Figure 5.26 where the value of
dCP is compared (see Figure 5.11). Despite Method 2 tends to under predict
the lift, dCP is predicted within 4.3%. Method 4 is found to under predict dCP
with average error of 9.5%. Method 5 improves Method 4 prediction on dCP
with average error of 2.9%. Method 6 has the lowest average error of only 2.5%.
Apart from the forces and center of pressure location, the shape of the wetted
area is also compared with CFD in Figure 5.27.
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(a) L2 = 1.5b1. (b) L2 = 2b1.
Figure 5.26: Center of pressure comparison on different afterbody beam size.
In order to apply Method 6 correctly, one needs to capture the wake at many
different transversal planes. This can be impractical, especially the wetted beam
is unknown in the first place. Thus when Eqn.5.12 is solved iteratively, the
number of transversal planes where the wake needs to be captured can be very
large. As shown from the comparison, Method 5 is found to be capable of giving
a good prediction where the average error on lift and center of pressure are kept
below 10% in all of the cases tested. Furthermore, the application of Method 5 is
simpler than Method 6 since no additional wake needs to be captured. From the
present study, the proposed method (Method 5) seems to be a potential method
that can be used for stepped hull design tool.
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(a) Method 5. b2 = 0.25b1. (b) Method 6. b2 = 0.25b1.
(c) Method 5. b2 = 0.5b1. (d) Method 6. b2 = 0.5b1.
(e) Method 5. b2 = 0.75b1. (f) Method 6. b2 = 0.75b1.
Figure 5.27: Comparison of wetted area on different afterbody beam size with
L2 = 2b1.
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5.6 On Afterbody Deadrise Variation
The proposed method reflected in Method 5 solves the Eqn.5.23 for the value
of the effective deadrise angle (βe) of the afterbody. The equation is given here
(again) as
βe = β2 − b2wet
b1
βw (xCL + b2 tanβe
2pi tan τe
) .
The solution (βe) will be different for different value of afterbody deadrise angle
(β2). Thus, an investigation of the effect of β2 variation is performed to evaluate
the robustness of the proposed method. In this case, the forebody is positioned as
in Section 5.4 with CV = 4 being considered. The afterbody properties are given
in Table 5.6. In this case the forebody and afterbody beam is equal (b1 = b2 = b)
The comparison is done between CFD and predictions by both Methods 2 and
5.
Table 5.6: Afterbody properties used in investigating the effect of β2.
Beam b2 b
Deadrise β2 (15, 17.5, 20, 25, 30)
○
Length L2 2b
Step Height h 6%b
Figure 5.28: Comparison of afterbody lift on varying afterbody deadrise angle.
Figure 5.28 shows the comparison on lift while Figure 5.29 shows the comparison
on center of pressure location in term dCP . Method 2 tends to under predict the
lift at low β2 value because βw is not taken account. Furthermore, it always pre-
dicts the afterbody to run on chines-dry condition. On the other hand, Method
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Figure 5.29: Comparison of dCP on varying afterbody deadrise angle.
5 is able to follow the trend albeit slightly over predicting the lift. The center of
pressure is predicted aptly with the average error of 3.6%. Method 5 is also able
to predict when the afterbody chine is not wetted, which in this case happens
when β2 > 20○ This is reflected from the comparison of the wetted area shown in
Figure 5.30. Some differences are seen for the case of β2 = 15○, where the wetted
area under the afterbody from CFD shows that the chines is wetted more than
the keel. Despite the differences observed for the wetted area shape, the lift and
center of pressure predicted by Method 5 is still deemed acceptable.
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(a) Method 2. β2 = 15○ (b) Method 5. β2 = 15○
(c) Method 2. β2 = 20○ (d) Method 5. β2 = 20○
(e) Method 2. β2 = 25○ (f) Method 5. β2 = 25○
(g) Method 2. β2 = 30○ (h) Method 5. β2 = 30○
Figure 5.30: Comparison of wetted area on afterbody deadrise variation.
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5.7 On Different Trim and Speed Coefficient
The previous investigations are performed on rather fix forebody position. In
this section further investigation on the robustness of the proposed method is
studied by having the forebody positioned differently. The cases simulated are
presented in Table 5.7. The hull is positioned with higher trim angle, CV lower
than 4 is also compared. Both forebody and afterbody have the same beam and
the afterbody keel is parallel to the forebody keel. Here, only Method 5 is being
considered.
Table 5.7: Test cases used in the study on different trim and speed coefficient.
Forebody
Beam b 0.2286 m (9 inch)





Wetted Keel Length LK1 1.5




Afterbody Length L2 (1.5, 1.75, 2, 2.25, 2.5)b
Step Height h 4%b
Both the lift and drag comparison are shown in Figure 5.31. Generally the trend
for lift and drag are the same as for CFD despite under prediction of lift quantity
at the largest L2 value. The average absolute error on lift is 6.2% while for drag
it is 6.5%. As observed, at lower speed with CV = 3 the proposed method works
well. This is important since some high speed boats are observed to operate
around CV = 3. As the speed increased, the wake becomes flatter and impacts
the afterbody at the location towards the transom. However the higher speed
will induce higher pressure and it still produce higher lift as the trend shows.
The center of pressure seems to compare well where the average error is only
1.9%.
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(a) Lift comparison. (b) Drag comparison.
Figure 5.31: Comparison of forces on different trim and speed coefficient case.
Figure 5.32: Comparison of dCP on different trim and speed coefficient case.
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5.8 On Afterbody Lift-to-Drag ratio (L/D)
Lift-to-Drag ratio of a hull represents the hull efficiency where for the same
weight, higher L/D means lower drag. Here, an analysis is performed on the
Lift-to-Drag ratio of the afterbody to measure its efficiency. The proposed model
shows an important feature happens on a stepped hull. As the afterbody is
running on the wake from the step, its deadrise angle is effectively lowered (βe ≤
β2). For a planing hull on calm water, hull with lower deadrise angle has higher
L/D (i.e. more efficient). Based on this, it is compelling to conclude directly
that since the afterbody deadrise is effectively reduced, the afterbody is getting
more efficient and thus making the whole stepped hull more efficient. However, as
discussed in Section 5.3, the output from Savitsky’s Procedure in Eqn.5.13 needs
to be transformed to the global axis first due to the wake orientation. Thus, there
might be some differences on L/D trend in comparison to the standard planing
hull.
(a) On calm water. (b) On wake from the step.
Figure 5.33: Afterbody running on different inflow condition.
A comparison on the L/D value between a prismatic planing hull that runs
on calm water and on the wake from step are studied (see Figure 5.33). It is
performed on the basis of equal afterbody wetted keel length (LK2), afterbody
deadrise (β2) and orientation in space (τ2). The effect of the wake geometry
on the performance of the afterbody is then analyzed. Table 5.8 shows the
three cases being compared. Here, variation on the wake geometry is essentially
variation of τK and βe. ∆τ is used in the comparison as a parameter which is
defined by
∆τ = τK − τ2. (5.24)
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CV ∆τ(= τK − τ2) βe(= β2 − βw)
I 15○ 3○ 2 4 -0.5○, 0○, 1,○, 2○ 0○ - β2
II 20○ 4○ 2 6 -0.5○, 0○, 1,○, 2○ 0○ - β2
III 25○ 6○ 1.7 8 -0.5○, 0○, 1,○, 2○ 0○ - β2
The afterbody L/D running on calm water and on the wake are given by Eqn.3.14
and Eqn.5.19, respectively. For simplicity, assume the mean velocity over bottom
of planing surface is the same as the forward velocity (V1 ≈ V ) and Cf = 0.003 for
all cases. The L/D computed on different cases are given in Figures 5.34, 5.35
and 5.36. It is observed that L/D is increased when βe is lowered or when ∆τ
is increased (i.e. τK is higher). The behavior w.r.t the deadrise angle is similar
to the case on calm water where lower β leads to higher L/D. This justify the
idea that the wake which effectively reduces the deadrise angle, will increase the
afterbody L/D. For example at ∆τ = 0○, the afterbody is more efficient than
when it is running on calm water (solid green line). However, the increased L/D
value is not as high as when β2 is physically reduced to be equal to βe (dashed
blue curve).
Another interesting behavior is the value of L/D keeps increasing as ∆τ is in-
creased, this is true even at high ∆τ (not shown here). This means that as
the wake impacts the afterbody at higher angle (in term of τK), the efficiency
is increased. As an example, take the case with β2 = 20○ in Figure 5.35, when
∆τ = 2○ and βe = 12β2 = 10○, the L/D is 36% higher than the case on calm water
which is significant. On the other hand, when ∆τ ≤ 0○ the afterbody can be less
efficient compared to the calm water case (solid green line). This behavior is
different compared to the calm water case where there is an optimum trim angle
corresponds to maximum L/D. The effect of trim angle is found to be more
pronounced than the effect of deadrise angle.
The existing analysis shows that the wake from the step which effectively low-
ers the deadrise angle is beneficial. Higher trim angle due to the wake is also
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Figure 5.34: L/D of afterbody running on calm water and on wake from step.
Case 1 Baseline :β2 = 15○, τ2 = 3○, λK2 = 2, CV = 4.
beneficial and able to push the L/D value appreciably. It shows that the after-
body can be more ’efficient’ if designed carefully. In practice, the wake geometry
is determined by the forebody condition. Thus stepped hull designer needs to
perform detail analysis as changing the step and afterbody will affect the craft
equilibrium and thus changing both the τK and βe simultaneously.
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Figure 5.35: L/D of afterbody running on calm water and on wake from step.
Case 2 Baseline : β2 = 20○, τ2 = 4○, λK2 = 2, CV = 6.
Figure 5.36: L/D of afterbody running on calm water and on wake from step.
Case 3 Baseline : β2 = 25○, τ2 = 6○, λK2 = 1.7, CV = 8.
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5.9 Conclusion on Chapter 5
In this chapter, different afterbody models have been presented and discussed.
Their applicability has been tested by comparing it to the numerical result from
CFD. Savitsky and Morabito’s suggestion which does not take account the wake
geometry tends to under predict the afterbody force. Svahn’s Method is found
to have worse prediction capability than the aforementioned method. On the
other hand, the proposed method is able to capture the prominent feature of
the afterbody hydrodynamics; the lift, drag and center of pressure are predicted
reasonably well. The method takes account both the trim angle at keel as well
as the wake deadrise angle which will effectively reduce the deadrise angle of
the afterbody. Further study on the L/D ratio also shows that the reduction of
deadrise increases the L/D, albeit not as high as when the deadrise is physically
reduced. The performance of the afterbody is also shown to be sensitive to the





This chapter will first discuss how the afterbody model is being implemented to
predict the stepped hull performance and equilibrium. Experimental data from
several published work are then used for further comparison.
6.1 Solving the Equilibrium
The calculation is implemented in MATLAB. A quasi-steady calculation is cho-
sen to be performed in finding the equilibrium, thus added mass is neglected.
The calculation is broken up in two stages, first stage is to calculate all the act-
ing forces and moment when given a specific hull position on the water. Second
stage is to use all these computed information to update the position of the hull
in the quest of finding the equilibrium point. Figure 6.1 shows the steps of the
procedure. The main input is the hull geometry, initial position of the hull and
the running condition.
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Figure 6.1: Illustration of the procedure on calculating stepped hull performance.
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Figure 6.2: Geometry description of a stepped hull in the procedure. The reference point is taken at the main step with the forebody keel to be
horizontal; x-axis is positive to the bow direction; z-axis positive is vertical direction;
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Figure 6.2 shows the parameter used in defining the geometry of a single stepped
hull. Subscript 1 refers to the forebody while subscript 2 refers to the afterbody.
In defining geometry, the axis is at the forebody step and thus all other point
will be referenced to this point. Positive x-axis is to the bow, upward vertical is
positive z-axis and horizontal is to the keel of the forebody. Each planing surface
has a ‘local’ reference at their own transom and thus the afterbody position and
orientation is as shown. The thrust line and orientation w.r.t horizontal (tθ) is
given here as well, it is relatively fixed to the hull. In comparison with towing
test, the thrust line due to the carriage can be kept horizontal and independent
of the hull orientation; this needs to be taken into consideration. Both the total
mass m and pitch moment of inertia Iyy of the hull is required. Iyy is assumed to
be equal to m×(0.25L)2 if it is not directly available. Since only straight constant
speed calm water performance is considered, the hull movement is restricted to 2-
DOF which are only trim (τ) and heave (movement along vertical axis). Finally
the running conditions are given, which are the speed V and whether any of the
DOF is fixed.
At a given hull position, the forces and moment will be computed. Figure 6.3
shows the forces that are acting and considered. First, the forebody performance
is calculated using Savitsky’s Procedure as described in chapter 3. The infor-
mation from the forebody is then used to calculate the wake geometry from the
step as described in Chapter 4.1. Using this wake information as the inflow,
the afterbody performance is calculated using afterbody model as described in
Chapter 5. From here, assuming equilibrium along x-axis the thrust T is then
obtained by
Tx =D1 +D2 (6.1)
T =Tx sec (τ + tθ). (6.2)
Once all of the required forces are computed, calculation on the moment is
then performed. Each planing surface has its own center of pressure and the
moment can be computed. The moment by the thrust needs to be considered
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Figure 6.3: Forces acting on the stepped hull.
as well. These are the calculation needed for a fix hull position. However to
find the equilibrium point, further iteration needs to be done until both forces
and moment equilibrium are achieved simultaneously (unless the heave or trim
is fixed). The iteration is performed by integrating the equation of motion given
as
∑Fz =mz¨ + ζF z˙
Lfb +Lab + Tz −W =mz¨ + ζF z˙ (6.3)
∑MCG = Iyy τ¨ + ζM τ˙
M1 +M2 +MT = Iyy τ¨ + ζM τ˙ . (6.4)
Here, z is the CG position in z-axis. Notice that additional damping ζF and ζM
are added to stabilize the system in order to reach the equilibrium. It was found
that as long as the damping is big enough, stable solution can be obtained. Here
the value used are given as
ζF = 20 max(1, L1 +L2
m
) (6.5)
ζM = 8 max(1, M1 +M2
Iyy
) (6.6)
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r¯ =Cr¯ + F.
(6.7)
By backward Euler method, the state at the next time step is given by
r¯t+1 = (I −∆tC)−1 (r¯t +∆tF ) . (6.8)
From the updated state vector the attitude of the hull is known and the procedure
then repeated until convergence is obtained.
6.2 Aerodynamics Forces
At high speed, there is appreciable aerodynamics forces on the hull. Due to the
typical nature of the shape of ship hull, it can be assumed that only aerody-
namics drag is produced. A simple method of taking account the aerodynamics
drag similar as to what Savitsky et al. (2007) employed is described here. The





For a typical hull shape an estimate of CDA = 0.07 is assumed (Savitsky et al.,
2007). Af is the frontal area of the hull. Since the value of Af is not provided
usually, a simple estimation is used in the form of Af = kb2 where k is a constant
and b is the beam. Fortunately Savitsky et al. (2007) present both the required
information to estimate the value k as shown in Table 6.1. A reasonable value
of k = 0.5 is chosen here. The aerodynamics forces is assumed to be acting at
the center of gravity of the craft, thus the moment generated can be neglected.
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Table 6.1: Frontal area of different model in Savitsky et al. (2007).
Model
Beam (b) Frontal area (Af ) k
m ft m2 ft2
1 5.55 18.2 20.07 216 0.65
2 3.99 13.1 6.04 65 0.38
3 4.88 16.0 13.94 150 0.59
4 4.94 16.2 15.24 164 0.62
6.3 Application
The applicability of the proposed method in dealing with practical problem is
investigated. Here, the afterbody model will be used to predict the equilibrium
and performance of stepped hull where experimental towing test data is available.
Three test cases are chosen. First, the comparison is performed on the model
used for the CFD validation (Gassman and Kartinen, 1994). It provides a good
comparison between the experimental data, high fidelity computational fluid
dynamics computation and the result using the proposed method. The second
test case is the experimental towing test by Garland (2011). A single stepped
hull is investigated where the effect of step height on the performance of the
model is studied. The third case is with Lee et al. (2014) with double stepped
hull.
6.3.1 Gassman and Kartinen (1994) Hull
Figure 6.4: Lines of the hull of Gassman and Kartinen (1994).
This is the same case as discussed in Section 4.3 where a comparison between
numerical solution and experimental towing test is made. Here it is used to
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investigate the capability of the proposed afterbody model. The geometry of the
hull is given in Figure 4.14 and the properties in Table 4.5. This is not a purely
prismatic hull; it is warped towards the bow and the keel is curved upwards
which is typical for a practical hull. Figure 6.4 shows the lines of the hull. It is
observed that the keel and chine do not vary significantly from a straight line
for a significant portion of the hull. There is deadrise angle variation with a rate
of 3.3○/beam up to 60% of the total length of the hull.
Even though the original Savitsky’s Procedure is meant for the prismatic hull, the
methodology is found to be useful to predict a linearly warped hull by finding an
equivalent prismatic hull as discussed in Savitsky (2012). Here, a simpler method
is employed where the ‘mean’ deadrise angle at the LCG location is used, that
is β = 19.8○. Following Savitsky (2012), the hydrodynamic trim angle is taken
reference to the quarter beam buttock (1/4beam) line which makes an angle of
0.98○ with the keel. For the stepped hull, the same simplified geometry with step
is assumed. The detail geometry information used in the present computation
is given in Table E in Appendix E.
Figure 6.5 shows the comparison for the stepless hull for both the drag and trim.
Here the drag is normalized with respect with lift (which in equilibrium is always
equal to the weight of the hull). Since there is no step, the standard Savitsky’s
Procedure is employed and it can be seen that the drag compared well with the
experimental data. It is able to predict the drag well up to the highest speed
tested in CFD with an average error of 2.3%. The trim is slightly lower than
experimental data while slightly higher than the result computed using CFD.
The trim trend is predicted well where a region with ‘hump’ trim is seen when
2 ≤ CV ≤ 3 and the decreasing trim at higher speed.
Generally, good agreement is expected for stepless hull where the wetted area
is essentially prismatic shape or slightly warped. However, the capability on
predicting performance of stepped hull is the focus here. Figure 6.6 shows the
comparison on the stepped hull for both the drag and trim. The computation




Figure 6.5: Comparison on the stepless hull performance prediction by different
methods.
5.3. Since the wake captured is for 3 ≤ CV ≤ 8 (see Section 4.1), the computation
is thus only performed when CV ≥ 3. The drag comparison shows that the
proposed method is able to predict the drag well compared to the experimental
data at CV = 3. It compares well with CFD up to CV = 3.8 and under predicts
the drag at higher speed. This discrepancy is due to the fact that the blister
spray which is not taken account in the existing method. Comparison of the
wetted area given in Figure 6.7 reveals this. As the wetted area at CV = 4.2 and
CV = 4.5 shown in Figure 6.7e and 6.7g, respectively, once the stagnation line
crosses the step the blister spray impacts on the afterbody which then increases
the drag. There are some discrepancies in the wetted area comparison. This is




Figure 6.6: Comparison on the stepped hull performance prediction by different
methods.
Interestingly the trim comparison in Figure 6.6b shows that the proposed method
predicts the trim rather well w.r.t. CFD solution. Despite the simplification
performed on the hull, the proposed method shows a promising capability in
predicting the equilibrium of the hull. It is also able to predict the drag when
the spray from the step does not impact the afterbody.
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(a) CFD; CV = 3.0 (b) MATLAB; CV = 3.0
(c) CFD; CV = 3.8 (d) MATLAB; CV = 3.8
(e) CFD; CV = 4.2 (f) MATLAB; CV = 4.2
(g) CFD; CV = 4.5 (h) MATLAB; CV = 4.5
Figure 6.7: Wetted area comparison.
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6.3.2 Garland (2011) Hull
Figure 6.8: Garland Hull geometry. Top: Hull lines; Bottom: Photo of the
stepped hull.
A 15○ deadrise model from the NSWC/Norfolk series is tested by Garland (2011).
The hull is mainly prismatic and has a constant section amidships with some
bow warping. The test is done on both stepless and stepped version where the
step height (h) is varied from 2%b to 6%b. The principal dimensions are given
in Table 6.2. A purely prismatic hull is assumed for analysis whereby the bow
warping is neglected. The detail geometry information used is given in Table E.2
for both the stepless and stepped version. Comparison is done for the stepless
hull, 4%b and 6%b step height.
Table 6.2: Principal dimensions of model tested by Garland (2011).
Length Overall 1.524 m 5.0 ft
Length Between Perpendiculars (Lpp) 1.396 m 4.58 ft
Chine Beam 0.442 m 1.45 ft
Deadrise angle 15○
Displacement 26.06 kg 57.45 lb
LCG (fwd of transom) 0.600 m 1.97 ft
V CG (above baseline) 0.0762 m 0.25 ft
Shaft Angle 10○
Figure 6.9 shows the comparison on both the drag and trim; the stepless hull
is analyzed using the standard Savitsky’s Procedure. As the speed increases
the trim tends to reduce while drag increases. This is the typical behavior
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Figure 6.9: Comparison on the stepless hull between experimental data and
proposed method.
often found on conventional (stepless) planing hull. Both the trend in drag and
trim are predicted by Savitsky’s Procedure. However, there seem to be some
differences in the quantity predicted. The drag tends to be over predicted with
error of 13% at the highest speed. The overall trim tends to be under predicted.
These differences can be explained by looking at the wetted area at the highest
speed as shown in Figure 6.10. The calculated wetted keel length (LK) is 97%
of the waterline length (denoted by LPP ). This means that the curvature of
the bow will be hit and the wetted area is not a purely prismatic form. This
curvature has a higher incidence angle which results in higher pressure and pitch
up moment, thus suggesting the experimental equilibrium trim is higher than
the calculated. At a higher trim angle, the hull is closer to its optimum trim
angle which means lower drag.
Figures 6.11 and 6.12 show the comparison with step height of h = 4%b and
h = 6%b, respectively. Calculation using the existing method is performed for
CV ≥ 3. The predicted performance seems reasonable; for h = 4%b the average
absolute error on drag is 8.0% while for h = 6%b it is 10.2%. In both cases,
an interesting behavior is observed for speed where CV ≥ 4. The drag is under
predicted while the trim tends to be over predicted despite the error is still less
than 1○. Further investigation is performed by looking at the wetted area formed
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Figure 6.10: Wetted area of the stepless hull computed using Savitsky’s Proce-
dure at CV = 4.5.
Figure 6.11: Comparison on the stepped hull between experimental data and
proposed method with h = 4%b.
on the bottom of the stepped hulls as shown in Figure 6.13. As the speed goes
higher, the area at the forebody becomes smaller and the stagnation line will
intersect the step instead of the chine. At CV = 4.0, the stagnation line intersects
the step for both cases. Above this speed, the blister spray formed is likely to
impact the afterbody thus giving rise to additional drag which is why the drag
is under predicted.
This phenomenon can be inferred from Figure 13 of the reference (Garland,
2011) where there is an increase of wetted area when CV ≥ 4. There is limited
information on the wetted area shape from the experimental data of Garland
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Figure 6.12: Comparison on the stepped hull between experimental data and
proposed method with h = 6%b.
(2011). However, at CV = 4.3 (V = 29 ft/s) the wetted area is shown and
presented in Figure 6.14. It is clearly seen that the spray impacts the afterbody
and caused additional wetted area. This suggests that the differences seen earlier
(especially in the drag comparison at high speed) are caused by the blister spray
that is not being account for. As the spray impacts the afterbody, there will
be an additional force generated which might explain why the trim is slightly
reduced when CV ≥ 4. Garland (2011) found that when the spray hits, sometimes
longitudinal instability is observed and therefore suggested to avoid the forebody
chines-dry condition. In fact, the same idea in designing stepped hull is also
suggested by Savitsky and Morabito (2010). From the comparison, it is observed
that there is a good prediction when the spray is not interfering with the hull.
In those cases, the average error on drag for h = 4%b and h = 6%b are 8.3% and
9.1%, while the trim errors are smaller at 1.8% and 1.7%, respectively. This is
important since it shows that the proposed method is able to give a reasonable
prediction on stepped hull performance.
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(a) h = 4%b; CV = 3.4 (b) h = 6%b; CV = 3.4
(c) h = 4%b; CV = 3.7 (d) h = 6%b; CV = 3.7
(e) h = 4%b; CV = 4.0 (f) h = 6%b; CV = 4.0
(g) h = 4%b; CV = 4.3 (h) h = 6%b; CV = 4.3
(i) h = 4%b; CV = 4.5 (j) h = 6%b; CV = 4.5
Figure 6.13: Wetted area computed.
Figure 6.14: Underwater photo of stepped hull. h = 6%b; CV = 4.3.
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6.3.3 Lee (2014) Hull
Figure 6.15: Hull lines used by Lee et al. (2014).
A 15○ deadrise model designated as NSWC15E is tested by Lee et al. (2014).
The model is obtained from the model tested by Garland (2011) by extending
the transom parallel to the keel. The principal dimensions are given in Table
6.3. There are total seven configurations tested, including one stepless version
while the rest is double stepped hull (see Figure 6.16). Comparison is done
only for configurations 1 (stepless), 4 and 7 (see Table 4 in Lee et al. (2014)).
Configuration 4 has low forward step of 0.7%b and high aft step of 2.1%b. This
configuration is found to generate the least drag on all cases tested in towing
tank. Configuration 7 has high forward step of 2.1%b and low aft step of 0.7%b.
In each comparison, two displacements (weight) are tested, the lighter displace-
ment with 38.56 kg and heavier with 47.63 kg. A purely prismatic hull is assumed
for analysis where the detail geometry used is given in Table E.3.
Table 6.3: Principal dimensions of model tested by Lee et al. (2014).
Length Overall 2.032 m 80 inches
Max Beam 0.457 m 18 inches
Deadrise angle 15○
Displacement
38.56 kg 85 lb
47.63 kg 105 lb
LCG (fwd of transom) 0.813 m 32 inches
V CG (above baseline) 0.133 m 5.25 inches
The proposed afterbody model is developed primarily for single stepped hull. In
order to apply the proposed method to double stepped hull, a simple suggestion is
presented here. There are three planing surfaces in double stepped hull, namely
forebody, midbody and aftbody (see Figure 6.16). This means that the afterbody
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model is to be applied twice. First, there is the need to handle the midbody which
is subjected to the wake from the forebody. Second, one needs to handle the
aftbody which is subjected to the wake from the midbody. The first calculation
is performed normally as if there are only two surfaces (forebody and midbody).
To perform the second calculation related to the aftbody, the wake from the
midbody is needed. Here, the wake from the midbody is assumed to behave in
the same way as if the midbody is running in calm water with the same wetted
keel length (LK2) and trim of τ2 (see Figure 6.16).
Figure 6.16: Illustration of double stepped hull running on water.
Another important behavior is that chines-dry condition is attained easily in
double stepped hull. This is due to the location of the forward step that is more
forward and makes the stagnation line intersects it earlier. When Eqn.5.23 is
solved with forebody running in chines-dry condition, the value of b2wet/b1wet
might be bigger than 1. That is,
βe = β2 − b2wet
b1wet
βw(x = xM).
When this happens, the right hand side of Eqn.5.23 might be negative. Since
Savitsky’s Procedure is not valid for negative deadrise angle, an artificial limit
is placed to ensure βe ≥ 0○.
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(a) Lighter displacement comparison.
(b) Heavier displacement comparison.
Figure 6.17: Comparison on Drag and Trim of Configuration 1 (stepless).
First, the drag and trim of the stepless hull are compared in Figure 6.17. Gen-
erally the drag and trim are predicted well. The average error in the lighter
displacement for drag is 3.2% while for trim it is 7.0%. For the heavier displace-
ment, the error in drag is 3.1% and error in trim is 10.5%. The error in trim in




Figure 6.18: Comparison on Drag and Trim of Configuration 4 at different speed.
Figure 6.18 shows the comparison for Configuration 4. The (absolute) average
error on drag for the lighter and heavier displacements are 1.7% and 1.4%, re-
spectively. This suggests that the afterbody model developed can still be used to
predict double stepped hull performance. For the trim comparison, the average
trim error in lighter displacement is 20.7% (0.73○) and 7.7% (0.30○) for the heav-
ier displacement. The wetted area for both displacement are shown in Figure
6.19. On the lighter displacement, the forebody seems to run on chines-dry case
at all the speed calculated. Combined this with the low forward step height in
this configuration (0.7%b), the wake deadrise angle (βw) is still close to the hull
deadrise angle and thus the effective deadrise angle (βe) at the midbody is small.
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It is interesting that even when the forebody is running in chines-dry condi-
tion, the comparison in drag is still good (see Figure 6.18) unlike the previous
two cases that has been investigated so far (see comparison with Gassman and
Kartinen (1994) and Garland (2011)). Previously, the blister spray which hits
the afterbody at a distance is not taken account in the proposed method which
results in under prediction of drag. In this case, most of the midbody is already
wetted (see Figure 6.19). This means that the spray from the forebody will hit
the midbody in the area that is already wetted. The viscous drag on this wet-
ted area is already calculated and thus the spray contribution is rather small.
This explains why there is no discrepancy between the experimental data and
calculation.
(a) Displacement = 38.56 kg. (b) Displacement = 47.63 kg.




Figure 6.20: Comparison on Drag and Trim of Configuration 7.
Figure 6.20 shows the comparison on Configuration 7. The average error on
drag for the lighter and heavier displacements are 3.1% and 2.6%, respectively.
The average error on trim in lighter displacement is 15.8% (0.46○) and 16.6%
(0.54○) for the heavier displacement. Unlike Configuration 4, the forebody is
mostly running in chines-wet condition as shown in the calculated wetted area
given in Figure 6.21. On the other hand, the midbody tends to run in chines-
dry condition. Due to the low aft step, the aftbody is significantly wetted and
generate appreciable lift, thus Configuration 7 tends to run in lower trim in
comparison to Configuration 4.
From the above comparisons, it shows that the existing afterbody model can
be extended so that it is useful in predicting double stepped hull performance.
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(a) Displacement = 38.56 kg. (b) Displacement = 47.63 kg.
Figure 6.21: Wetted area of Configuration 7.
The drag compares well as seen from the two configurations (4 and 7) tested.
The trim is more challenging to be predicted, but the existing results shows that
the error is deemed reasonable. This is important since double stepped hull is
also commonly used in practice and the availability of a procedure capable of






The objective of this work is to investigate stepped hull hydrodynamics, in par-
ticular to understand the flow around the afterbody. Since the afterbody is
subjected to complex flow from the step, standard planing hull analysis is not
applicable directly. This makes performance prediction very challenging. In
this study it was found that the flow around stepped hull can be broken down
separately into the forebody and afterbody part. The forebody is found to be-
have similarly as when the afterbody is absent, thus the performance as well as
the wake generated can be computed using the standard planing hull analysis.
Furthermore, the problem of calculating the hydrodynamics contribution of the
afterbody can be ’translated’ into finding an equivalent prismatic hull where the
performance can be estimated directly. Once all of the planing surface contribu-
tion is known, they can be used to predict the equilibrium and performance of
a stepped hull.
Computational Fluid Dynamics (CFD) has been an indispensable tool in this
study. Validation on the detailed flow around the prismatic hull as well as real
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hull are performed. It was concluded that the numerical solution obtained from
CFD gives a satisfactory result compared against experimental data. Wetted
area, lift, drag and center of pressure around prismatic hull are shown to agree
well with experimental data and can be more accurate than the available semi-
empirical formulation. The wake generated from the transom is also compared
against empirical formulation where there is a reasonable agreement with Root
Mean Square of Error (RMSe) less than 0.05b.
Validation against towing test data of stepped hull and its stepless version is
also performed. CFD is found to be able to predict the performance for both
the stepless and stepped version well. For the stepped hull, the D/L is predicted
with an average error of 4% compared to experiments and the error on trim angle
is less than 0.46○. Further simulation is performed at the speed beyond the one
tested in the towing test to study the behavior of stepped hull at high speed. As
the speed gets higher, the spray root line will intersect the step in which a violent
blister spray will be generated and might hit the afterbody. It was concluded
that the spray will increase the drag of stepped hull despite it is still lower than
the stepless version. It is found that the spray mainly contributes to frictional
drag rather than pressure drag, this means that it can only generate relatively
small lift, thus the overall L/D of the hull is reduced. Ideally, this condition is
to be avoided when designing a stepped hull.
Different afterbody models that have been suggested by several researchers (in-
cluding the proposed model) are discussed and tested against CFD result. The
present study concludes that the hydrodynamics of afterbody which is subjected
to the wake from step can still be reasonably calculated under Savitsky’s Proce-
dure by ’translating’ it first into an equivalent prismatic hull. In doing so, the
centerline wake is used to define the trim angle while the wake is then simplified
into a V-shape surface which tends to reduce the effective deadrise angle of the
afterbody. Using the proposed method, the lift, drag and center of pressure is
predicted reasonable well in comparison to CFD result. Further study on the
efficiency of the afterbody shows that the wake from the step effectively reduces
the deadrise angle which will increase the L/D ratio. Moreover, unlike the be-
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havior of standard prismatic hull where there is a certain optimum trim angle
corresponding to maximum L/D, the afterbody L/D ratio is found to keep in-
creasing as the angle of the wake that hits the afterbody keel keeps increasing.
All of this shows that a stepped hull is efficient not only due to its running trim,
but also due to the increased efficiency of the afterbody. This is why a stepped
hull might still be more efficient than a conventional planing hull even when it
is running on lower trim angle at high speed.
In this work, the proposed afterbody model is then implemented in MATLAB
in order to calculate the equilibrium and performance of stepped hulls. Several
experimental data on stepped hulls are chosen for comparison with the calculated
results. Comparisons are done mainly at the higher speed coefficient (CV ) of 3
to 5 where the planing mode has been established and experimental data is
available. Generally it was found that the agreement between the computed
result and measured from experiment is acceptable when the blister spray from
the step does not interfere with the hull. However, when the spray hits the
afterbody the additional drag is not taken into account in the calculation. Thus
the calculated results tend to under predict the drag. Interestingly, it is found
that the existing afterbody model is also useful for predicting double stepped hull
performance by applying it twice (on the midbody and aftbody). Despite the
simplification, comparison with experimental data shows a reasonable agreement
can be achieved. The comparison against real data has shown that the existing
afterbody model will be useful for the designer to predict the performance of
stepped hull before embarking on the costly CFD or towing test. The biggest
discrepancy is found when the blister spray hits the hull, but stepped hull is
typically designed to avoid the situation.
7.2 Recommendations
Some suggestions for future works are listed here:
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 Experimental study on the afterbody hydrodynamics
The existing afterbody model is built based on numerical solution from
CFD. Even though the numerical solution has been validated against typ-
ical planing test cases, it will still be beneficial if experimental data on the
afterbody forces and moment exist. First, it will be used to further vali-
date the existing model. Second, the flow regime on the afterbody is to be
investigated from the experimental point of view, especially in determining
the skin friction coefficient to be used on the afterbody. In performing the
experiment, it is suggested that the afterbody forces and moments are to
be measured separately and yet its relative position must be fixed to the
forebody. This way, the interaction between the forebody and afterbody
can be measured to justify the idea that both of them can be treated sep-
arately. This can be achieved by connecting the parts through load cells
with rails to adjust the step height and afterbody trim.
 Effect of spray
As observed from the comparison against towing test data or numerical
solution, the existing stepped hull prediction is least accurate when the
spray from the step is hitting the hull. Even though this scenario tends
to be avoided when designing a stepped hull, for double stepped hull it
is more challenging because the first step location is rather forward and
even for a single stepped hull, at very high speed the stagnation line will
likely to intersect the step and spray will be formed from the step. Hence,
further investigation is recommended to quantify the effect of the spray on
the performance. First, since it is known that the spray manifests itself
mainly in frictional force, it will be useful if a procedure to estimate it is
available. Second, the pressure component of the spray can be studied in
order to quantify additional lift due to the spray. Third, additional moment
due to spray which might alter the craft equilibrium is to be investigated
as well.
 Effect of warp on the forebody
For stepped hull, the surface behind the step (both single and double
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stepped) is typically prismatic in nature. However, a portion of the fore-
body is warped to allow for the bow curvature. In this study, the forebody
is assumed to be prismatic, but in some cases the forebody might be best
described by a warped planing hull. Fortunately, a modification of Sav-
itksy’s Procedure has been proposed by Savitsky (2012) to allow some
warping on the hull. The afterbody model itself does not affected by the
fact that there is a warp on the forebody as long as the wake from the step
is known. However, there are no available data on the wake generated by
a warped planing hull. Therefore, it is recommended to perform investiga-
tions on the wake, whether certain formula can be constructed or whether
is it possible to use the wake data from prismatic shape to estimate the
shape of the wake.
 Stability of stepped hull
Apart from the ability to reduce drag compared to the conventional design,
stability of stepped hull is an important aspect that needs to be investigated
further. A design that can be very efficient in term of drag will not be
useful practically if it is unstable. Longitudinal, transversal and directional
stability of a stepped hull has to be compared with a typical stepless design.
Questions such as whether stability is improved when the step is introduced
or how to design the step to improve the stability need to be addressed.
 Effect of wave on stepped hull
The existing study is performed on calm water condition. In practice, a
high speed boat will sometimes encounter rough sea conditions. Thus, it is
recommended to study the behavior of stepped hull when it is moving on a
wavy sea condition. Whether is there a large added drag due to the wave
can be compared against conventional design. The pitching motion due to
the wave as well as how to design the step to achieve a good performance
will become useful for the designer.
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The Savitsky’s procedure (Savitsky, 1964) will be described in greater detail
here. Extension to include the chines-dry case which was not really discussed in
the original procedure will be described here. Contribution by whisker spray will
be discussed in Appendix B. The procedure basically takes five inputs namely
speed (V ), beam (b), deadrise angle (β), trim angle (τ) and wetted keel length
(LK). From these inputs the outpus are the wetted area properties (λK , λ, λC ,
bwet), forces (L, D) and center of pressure (LCP , V CP ) of a prismatic hull.
This procedure can then be written as a function taking five inputs as follow
SP (V, b, β, τ,LK) = (λK , λ, λC , bwet, L,D,LCP,V CP ).
First one needs to check whether the hull is running on chines-wet or chines dry
case. If LK > b tanβpi tan τ , then it is chines-wet case otherwise it is chines-dry case.
Both cases are described below.
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Chines-Wet





λ = λK − 1
2
∆λ
λC = λK −∆λ.
Here the wetted beam is the physical beam, thus
bwet = b.




The lift coefficient for β = 0○ is calculated first which is given by Eqn.3.8
CL0 = τ1.1 (0.012λ0.5 + 0.0055λ2.5C2V ) .
And then converted to the surface with deadrise by Eqn.3.9 by
CLβ = CL0 − 0.0065βCL00.6.




The drag calculation is started by calculating the frictional force first where the
average velocity on the bottom (V1) is required and this is given by




CLdynamic = τ1.1 (0.012λ0.5) − 0.0065β [τ1.1 (0.012λ0.5)]0.6 .




This is then used to calculate the skin friction coefficient, here ITTC 1957 for-
mulation is used and given below
Cf = 0.075(log (Re) − 2)2
Finally the total drag is given in Eqn.3.13 and stated here again
D = L tan τ + ρV 21 Cfλb2
2 cosβ cos τ
The center of pressure is important in finding the equilibrium of the hull. Longi-
tudinal center of pressure is obtained from Eqn.3.15 while the vertical is obtained
by assuming the force is acting in the middle of the surface on each side of the
hull. Hence they are given by
LCP = λb(0.75 − 1
5.21C2V λ
−2 + 2.39)
V CP = 0.25b tanβ.
Chines-Dry
In this case the non-dimensionalization is performed using bwet. First the wetted














Here, the wetted beam is obtained through
bwet = (LKpi tan τ
tanβ
) .
The lift coefficient is calculated by Eqn.4.10
CLK = pi(90β − 1)2 sin3 τ (1 − tan τ2 tanβ )(1 − e−0.162β) .




The drag is calculated similarly as the chines-wet case. Deermination of V1
assumes that the lift is fully contributed by dynamic force, thus one has
V1 = V√1 − CLK
λ cos τ
.
The Reynolds number (Re), the friction coefficient (Cf ) and the drag (D) are
calculated the same way as the chines-wet case. The center of pressure is given
by
LCP = 0.4LK




The contribution of whisker spray to the hull is presented here. As explained in
Savitsky et al. (2007), the contribution is due to the frictional force only since
the pressure at the spray typically is small and produce negligible pressure force.
Hence two important parameters will need to be determined first, these are the
whisker spray area (As) which is the area on the hull surface wetted by the
whisker spray and the characteristic length of the whisker spray (lws) which is
the length used in determining the skin friction coefficient. Typically lws is the
average of the spray length along the whisker spray region. The calculation is
divided into two cases which are the chines-wet and chines-dry case since they
have different whisker spray area shape. Savitsky et al. (2007) only discussed
the chines-wet condition, however a similar procedure and assumption is applied
to the chines-dry case and the calculation will be discussed here. First the
calculation on As and lws will be presented before calculating the contribution
to the force. The formulations presented here are slightly modified from the one
discussed in Savitsky et al. (2007) since in their work small angle assumption is
used to simplify the procedure. Here, the exact angle and geometrical relation
are maintained since all the calculations are implemented in the computer.
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Figure B.1: The whisker spray on chines-wet case.
Chines-wet
Figure B.1 shows the whisker spray area when the stagnation line is intersecting
the chine (point A). First in the bottom plane let
α = arctan(pi tan τ
2 tanβ
).
And the whisker area on the hull surface is
As = b2
4 sin 2α cosβ
.






Here, γ is the angle between the direction of the whisker spray with the bottom
plane and can be shown to have the following relationship
tanγ = tanβ sin 2α.
Chines-dry
For the chines-dry case there will be two different cases. The outermost part of
the whisker spray might intersects with the chine or the transom (see point C)
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(a) When point C is at the chine (b) When point C is at the transom
Figure B.2: The whisker spray on chines-dry case.
as shown in Figure B.2. First when point C is at the chine the whisker spray
area is given by
As = b (LK − 0.25b cot 2α) −L2K tanα
cosβ
.
Next the characteristic length of the whisker spray can be shown as













l2 = (b/2 −LK tanα)sin (α + 90○)
sinα
d1 = LK secα − d2
d2 = l2 sin (90○ − 2α)
sin (90○ + α) .
The other case in this chines-dry condition has a simpler whisker spray area
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shape (triangular). The area is given by
As = L2K(tan 2α − tanα)
cosβ
.







Once As and lws are calculated, the Reynolds number on the whisker area is
obtained via
Res = ρV lws
µ
.
Since whisker spray is typically short, the flow might still be in laminar or tran-
sitional mode. Hence the skin friction coefficient is formulated as follow as de-
scribed in Savitsky et al. (2007). When Res < 1.5 × 106, the laminar flow skin




And for Res ≥ 1.5 × 106, transitional flow is assume and
Cf = 0.0745√Res − 4800Res .




It is important that the frictional force is along the hull thus it needs to be
converted into the global axis for its contribution to the lift and drag value. In
this procedure, the force is resolved parallel to the keel and perpendicular to the
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keel component first.
Xws = Fν cosγ cos 2α
Zws = Fν sinγ.
Finally in the global axis the contribution is given below:
Lws = Zws cos τ −Xws sin τ




Deadrise on the Afterbody
Here the method for calculating the equivalent deadrise βe of the afterbody
as discussed in section 5.3.1 is presented. Eqn.5.23 which takes account the
possibility of different afterbody beam will be discussed directly. The equation
to be solved is given by
β = β2 − b2wet
b1
βw (x = xCL + 1
2
b∆λ(β))
The wetted length ratio differences is non-dimensionalized by the physical beam
and it is formulated to take account the dry chine case, it is given by
∆λ(β) = min(λK , tanβ
pi tan τ
)
The wetted beam of the afterbody is given by
b2wet(β) = b2 ×min(1, λKpi tan τtanβ )
To solve the value of β, a fix-point iteration method is implemented. First let
us denote
f(β) = β2 − 1
b1
b2wet(β)βw (xCL + 12b∆λ(β))
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Next in order to find the fix point, the following procedure is followed.
1. β1 = β2
2. βi+1 = f(βi) for i ∈ N
3. βe = limi→∞ βi
The above procedure is guaranteed to converge under certain condition, it is
discussed here. Notice that ∆λ(β) is an increasing function while b2wet(β) is
a decreasing function. From both experiment and numerical simulation βw is
found to be a decreasing function, and let us restrict our domain to the case
where βw ≥ 0○. All of this means that f is an increasing function. The function
f is bounded below since 0 ≤ b2wet ≤ b2 and 0○ ≤ βw ≤ β1, which means f(β) =
β2 − 1b1 b2wetβw ≥ β2 − 1b1 b2β1. Now,
β2 = f(β1)
= β2 − 1
b1
b2wet(β1)βw (xCL + 12b2∆λ(β1))≤ β2
= β1
∴ β2 ≤ β1
And since f is a increasing function, one have
βi ≤ βi−1⇔ f(βi) ≤ f(βi−1)⇔ βi+1 ≤ βi
Finally, {βi} is a bounded decreasing sequence (β1 ≥ ... ≥ βi ≥ ... ≥ β2 − 1b1 b2β1).
By the Monotone Convergence Theorem, the limit of the sequence exists and
denoted it by βe. Hence
βe = lim
i→∞βi = limi→∞ f(βi−1) = f( limi→∞βi−1) = f(βe).




Result of Main Study
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Table D.1: Result of Method 1.
Lab b 1.5 2 2.5
h %b 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
CV = 4
Lift N 9.36 9.86 7.05 3.44 0.73 20.61 29.96 26.24 21.62 15.49 31.67 40.97 44.35 44.33 41.80
Drag N 2.24 1.83 1.18 0.56 0.13 4.62 4.66 4.03 3.11 2.16 7.28 7.56 7.25 6.66 5.88
τkeel deg 3.71 4.66 5.30 5.79 6.18 3.71 4.66 5.30 5.79 6.18 3.71 4.66 5.30 5.79 6.18
τe deg 3.71 4.66 5.30 5.79 6.18 3.71 4.66 5.30 5.79 6.18 3.71 4.66 5.30 5.79 6.18
βe deg 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
LK b 1.04 0.77 0.54 0.33 0.14 1.54 1.27 1.04 0.83 0.64 2.04 1.77 1.54 1.33 1.14
LM b 0.52 0.38 0.27 0.17 0.07 0.77 0.63 0.52 0.42 0.32 1.15 1.06 0.91 0.76 0.61
LC b 0 0 0 0 0 0 0 0 0 0 0.25 0.35 0.29 0.19 0.07
bwetab b 0.58 0.54 0.43 0.29 0.13 0.86 0.89 0.83 0.73 0.60 1 1 1 1 1
dCP b 1.08 1.19 1.28 1.37 1.44 1.38 1.49 1.58 1.67 1.74 1.66 1.72 1.82 1.93 2.05
α deg 15.6 19.4 21.8 23.6 25.1 15.6 19.4 21.8 23.7 25.0 15.7 19.4 21.8 23.6 25.0
CV = 6
Lift N 7.12 5.02 1.43 17.34 18.69 13.76 7.19 1.86 32.10 41.07 38.76 30.59 20.26
Drag N 2.43 1.33 0.37 5.46 4.43 2.89 1.44 0.39 9.59 9.16 7.53 5.52 3.53
τkeel deg 2.83 3.56 4.05 2.84 3.56 4.05 4.43 4.72 2.84 3.56 4.05 4.43 4.74
τe deg 2.83 3.56 4.05 2.84 3.56 4.05 4.43 4.72 2.84 3.56 4.05 4.43 4.74
βe deg 20 20 20 20 20 20 20 20 20 20 20 20 20
LK b 0.90 0.54 0.24 1.39 1.04 0.74 0.47 0.22 1.89 1.54 1.24 0.97 0.72
LM b 0.45 0.27 0.12 0.70 0.52 0.37 0.24 0.11 0.95 0.77 0.62 0.48 0.36
LC b 0 0 0 0 0 0 0 0 0 0 0 0 0
bwetab b 0.38 0.29 0.15 0.60 0.56 0.45 0.31 0.16 0.81 0.83 0.76 0.65 0.51
dCP b 1.14 1.28 1.40 1.44 1.58 1.70 1.81 1.91 1.74 1.88 2.00 2.11 2.21
α deg 12.1 15.0 17 12.1 15.0 17.0 18.5 19.6 12.1 15.0 17.0 18.5 19.6
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Table D.2: Result of Method 2.
Lab b 1.5 2 2.5
h %b 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
CV = 4
Lift N 7.36 6.67 3.67 1.04 0 16.09 18.69 15.30 10.0 5.10 26.66 32.40 31.73 28.17 20.08
Drag N 1.99 1.44 0.75 0.23 0 4.07 3.72 2.81 1.80 0.94 6.68 6.59 5.83 4.71 3.35
τkeel deg 3.40 4.16 4.57 4.81 4.95 3.40 4.16 4.57 4.81 4.95 3.41 4.16 4.57 4.81 4.95
τe deg 3.40 4.16 4.57 4.81 4.95 3.40 4.16 4.57 4.81 4.95 3.41 4.16 4.57 4.81 4.95
βe deg 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
LK b 1.05 0.74 0.48 0.24 0.00 1.55 1.24 0.98 0.74 0.51 2.04 1.74 1.48 0.24 1.00
LM b 0.52 0.37 0.24 0.12 0.00 0.77 0.62 0.49 0.37 0.25 1.07 0.95 0.76 0.62 0.50
LC b 0 0 0 0 0 0 0 0 0 0 0.10 0.15 0.03 0 0
bwetab b 0.54 0.47 0.33 0.17 0.00 0.79 0.78 0.68 0.54 0.38 1 1 1 0.90 0.75
dCP b 1.08 1.20 1.31 1.40 1.50 1.38 1.50 1.61 1.70 1.8 1.71 1.80 1.94 2.00 2.10
α deg 14.4 17.4 19.0 19.9 20.5 14.4 17.4 19.0 19.9 20.5 14.4 17.4 19.0 19.9 20.5
CV = 6
Lift N 5.92 3.11 0.36 14.24 12.07 6.23 1.67 26.09 26.86 19.24 10.67 4.19
Drag N 2.26 1.02 0.14 5.02 3.49 1.75 0.51 8.77 7.27 4.92 2.75 1.14
τkeel deg 2.63 3.11 3.33 2.63 3.11 3.33 3.45 2.63 3.11 3.33 3.45 3.53
τe deg 2.63 3.11 3.33 2.63 3.11 3.33 3.45 2.63 3.11 3.33 3.45 3.53
βe deg 4.01 16.51 19.04 4.02 8.11 16.33 18.47 3.99 8.12 11.19 16.48 18.23
LK b 0.91 0.52 0.16 1.41 1.02 0.66 0.33 1.91 1.52 1.16 0.82 0.50
LM b 0.46 0.26 0.08 0.71 0.51 0.33 0.16 0.96 0.76 0.58 0.41 0.25
LC b 0 0 0 0 0 0 0 0 0 0 0 0
bwetab b 0.36 0.24 0.08 0.56 0.48 0.33 0.17 0.76 0.71 0.58 0.43 0.27
dCP b 1.14 1.29 1.44 1.44 1.59 1.74 1.87 1.73 1.89 2.03 2.17 2.30
α deg 11.2 13.2 14.1 11.2 13.2 14.1 14.6 11.2 13.2 14.1 14.6 14.9
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Table D.3: Result of Method 3.
Lab b 1.5 2 2.5
h %b 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
CV = 4
Lift N 11.84 9.19 15.76 14.03 10.53 19.80 18.66 15.27 11.20 7.05
Drag N 2.87 1.80 4.06 3.06 2.16 5.19 4.22 3.32 2.51 1.76
τkeel deg 3.71 4.66 3.71 4.66 5.30 3.72 4.66 5.30 5.79 6.17
τe deg 2.32 2.89 2.32 2.89 3.23 2.32 2.88 3.23 3.44 3.55
βe deg 4.20 8.61 4.22 8.60 13.13 4.21 8.59 13.15 17.75 22.46
LK b 1.04 0.77 1.54 1.27 1.04 2.04 1.77 1.54 1.33 1.14
LM b 0.86 0.49 1.36 0.99 0.67 1.86 1.49 1.17 0.87 0.60
LC b 0.69 0.21 1.19 0.71 0.29 1.69 1.21 0.79 0.42 0.05
bwetab b 0.61 0.59 0.61 0.59 0.57 0.61 0.59 0.57 0.54 0.52
dCP b 0.86 1.14 1.02 1.28 1.51 1.21 1.45 1.66 1.86 2.06
α deg 40.9 27.6 40.8 27.6 20.8 40.8 27.7 20.8 16.5 13.3
CV = 6
Lift N 16.58 22.47 17.67 27.83 24.50 17.68
Drag N 4.78 7.27 4.66 9.57 7.12 4.85
τkeel deg 2.83 2.84 3.56 2.84 3.56 4.05
τe deg 1.77 1.77 2.20 1.77 2.20 2.47
βe deg 4.22 4.21 8.60 4.22 8.60 13.15
LK b 0.90 1.39 1.04 1.89 1.54 1.24
LM b 0.66 1.16 0.67 1.66 1.17 0.75
LC b 0.43 0.94 0.30 1.43 0.81 0.26
bwetab b 0.61 0.60 0.59 0.60 0.59 0.56
dCP b 1.00 1.13 1.50 1.29 1.64 1.94
α deg 33.4 33.4 21.8 33.4 21.8 16.2
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Table D.4: Result of Method 4.
Lab b 1.5 2 2.5
h %b 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
CV = 4
Lift N 34.84 24.70 9.76 2.37 0.00 45.86 40.22 29.41 16.03 7.05 56.51 53.24 44.89 34.50 22.77
Drag N 6.11 3.68 1.47 0.39 0.00 8.56 6.64 4.55 2.47 1.16 10.86 9.23 7.47 5.60 3.64
τkeel deg 3.40 4.16 4.57 4.81 4.95 3.40 4.16 4.57 4.81 4.95 3.41 4.16 4.57 4.81 4.95
τe deg 3.40 4.16 4.57 4.81 4.95 3.40 4.16 4.57 4.81 4.95 3.41 4.16 4.57 4.81 4.95
βe deg 4.43 9.51 12.14 13.22 13.54 4.43 9.52 13.51 15.93 17.16 4.48 9.51 13.50 16.65 18.87
LK b 1.05 0.74 0.48 0.24 0.00 1.55 1.24 0.98 0.74 0.51 2.04 1.74 1.48 1.24 1.00
LM b 0.84 0.38 0.24 0.12 0.00 1.34 0.88 0.50 0.37 0.25 1.83 1.38 1.00 0.67 0.50
LC b 0.63 0.01 0 0 0 1.13 0.51 0.02 0 0 1.62 1.01 0.53 0.11 0
bwetab b 1 1 0.56 0.27 0.00 1 1 1 0.68 0.45 1 1 1 1 0.80
dCP b 0.88 1.22 1.31 1.40 1.50 1.02 1.35 1.62 1.70 1.80 1.19 1.50 1.76 2.00 2.1
α deg 50.3 34.3 30.3 29.4 29.4 50.3 34.3 27.6 24.8 23.8 50.1 34.3 27.6 23.8 21.7
CV = 6
Lift N 51.60 18.08 1.73 69.89 52.53 21.37 4.93 85.65 74.02 53.13 25.57 8.93
Drag N 9.98 3.27 0.37 14.89 9.56 3.88 1.00 19.38 14.76 9.82 4.78 1.81
τkeel deg 2.63 3.11 3.33 2.63 3.11 3.33 3.45 2.63 3.11 3.33 3.45 3.53
τe deg 2.63 3.11 3.33 2.63 3.11 3.33 3.45 2.63 3.11 3.33 3.45 3.53
βe deg 4.01 7.61 8.69 4.02 8.11 10.64 11.60 3.99 8.12 11.19 13.02 13.86
LK b 0.91 0.52 0.16 1.41 1.02 0.66 0.33 1.91 1.52 1.16 0.82 0.50
LM b 0.67 0.26 0.08 1.17 0.60 0.33 0.16 1.67 1.10 0.62 0.41 0.25
LC b 0.42 0 0 0.92 0.18 0 0 1.43 0.68 0.08 0 0
bwetab b 1 0.66 0.19 1 1 0.64 0.30 1 1 1 0.67 0.39
dCP b 1.00 1.29 1.44 1.13 1.55 1.74 1.87 1.27 1.68 2.04 2.17 2.3
α deg 45.8 32.5 30.8 45.8 30.9 25.9 24.7 45.9 30.9 24.8 22.2 21.5
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Table D.5: Result of Method 5.
Lab b 1.5 2 2.5
h %b 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
CV = 4
Lift N 34.97 24.98 5.83 1.21 0.00 46.00 40.50 29.75 14.71 6.22 56.65 53.50 45.20 34.60 24.25
Drag N 4.65 3.00 0.90 0.21 0 6.85 5.51 3.87 2.04 0.95 9.02 7.85 6.39 4.80 3.33
τkeel deg 3.40 4.16 4.57 4.81 4.95 3.40 4.16 4.57 4.81 4.95 3.41 4.16 4.57 4.81 4.95
τe deg 3.40 4.16 4.57 4.81 4.95 3.40 4.16 4.57 4.81 4.95 3.41 4.16 4.57 4.81 4.95
βe deg 4.44 9.47 16.23 18.58 19.98 4.44 9.47 13.47 16.66 18.31 4.44 9.47 13.47 16.68 18.41
LK b 1.05 0.74 0.48 0.24 0.00 1.55 1.24 0.98 0.74 0.51 2.04 1.74 1.48 1.24 1.00
LM b 0.84 0.38 0.24 0.12 0.00 1.34 0.88 0.51 0.37 0.25 1.84 1.38 1.01 0.67 0.50
LC b 0.63 0.01 0 0 0 1.13 0.51 0.03 0 0 1.62 1.01 0.53 0.10 0
bwetab b 1 1 0.42 0.18 0.00 1 1 1 0.65 0.42 1 1 1 1 0.82
dCP b 0.88 1.20 1.31 1.41 1.50 1.02 1.35 1.62 1.71 1.80 1.19 1.50 1.76 2.00 2.10
α deg 50.2 34.4 23.3 21.5 20.5 50.2 34.4 27.6 23.8 22.3 50.2 34.4 27.6 23.8 22.2
CV = 6
Lift N 51.96 5.04 0.44 70.17 52.56 10.74 2.05 85.87 74.15 53.56 17.94 5.31
Drag N 7.82 1.19 0.13 12.30 7.98 2.19 0.50 16.61 12.71 8.53 3.42 1.16
τkeel deg 2.63 3.11 3.33 2.63 3.11 3.33 3.45 2.63 3.11 3.33 3.45 3.53
τe deg 2.63 3.11 3.33 2.63 3.11 3.33 3.45 2.63 3.11 3.33 3.45 3.53
βe deg 4.01 16.51 19.04 4.02 8.11 16.33 18.47 3.99 8.12 11.19 16.48 18.23
LK b 0.92 0.52 0.17 1.42 1.02 0.67 0.33 1.91 1.52 1.16 0.82 0.50
LM b 0.67 0.26 0.08 1.17 0.60 0.33 0.16 1.67 1.10 0.62 0.41 0.25
LC b 0.43 0 0 0.93 0.18 0 0 1.43 0.68 0.08 0 0
bwetab b 1 0.31 0.09 1 1 0.43 0.19 1 1 1 0.55 0.30
dCP b 1.00 1.29 1.43 1.13 1.55 1.73 1.87 1.27 1.68 2.03 2.17 2.30






E.1 Gassman and Kartinen (1994)
Table E.1: Geometrical definition for Gassman and Kartinen (1994) hull used
for computation.
Parameter Unit Stepless Stepped
b1 m 0.270 0.270
β1 deg 19.8 19.8
Mass kg 9.05 9.05
LCG m 0.457 -0.189
V CG m 0.05 0.05
tx m at LCG
tz m at V CG







Table E.2: Geometrical definition for Garland (2011) hull used for computation.
Parameter Unit Stepless Stepped
b1 m 0.442 0.442
β1 deg 15 15
Mass kg 26.06 26.06
LCG m 0.600 0.089
V CG m 0.076 0.076
tx m at LCG
tz m at V CG









E.3 Lee et al. (2014)
Table E.3: Geometrical definition for Lee et al. (2014) hull used for computation.
Parameter Unit Configuration 1 Configuration 4 Configuration 7
b1 m 0.442 0.442 0.442




LCG m 0.813 -0.203 -0.203
V CG m 0.133 0.133 0.133
tx m at LCG
tz m at V CG
tθ deg Always horizontal
b2 m 0.442 0.442
β2 deg 15 15
relx2 m -0.508 -0.508
relz2 m 0.0032 0.0095
relτ2 deg 0 0
b3 m 0.442 0.442
β3 deg 15 15
relx3 m -1.016 -1.016
relz3 m 0.0127 0.0127




Figure F.1: 3 locations where the longitudinal wake is captured.
Figure F.2: The reference axis used to describe the wake behind planing hull.
In analyzing the performance of a stepped hull, the wake generated from the step
is important since the afterbody is subjected to it. Thus the wake generated from
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all of the cases in Table 4.1 are captured. The wake is captured at three different
locations namely the centerline, 1/4beam and 1/2beam as shown in Figure F.1.
The distance behind the transom where the wake data is captured is chosen to
be 6b. The reference coordinates chosen is similar to the one in Savitsky and
Morabito (2010) as described in Section 3.6 (see Figure F.2). However, a single
origin for all longitudinal wake transversal position is used; it is located at the
keel line intersection with the transom. The x-axis extends along the keel aft of
the transom and z-axis is perpendicular to the x-axis in vertical plane..
A smoothing procedure is taken by fitting a 6th degree polynomial to represent
the wake. It is important that the wake is non-dimensionalized with respect to








The entire polynomial coefficients {ai}6i=0 of all the 268 cases are then stored in
an excel file so it can be extracted easily. The column data is described in Table
F.1. The first four columns denote the specific case where the prismatic hull
is running while the fifth column is the transverse position (yb ) where the wake
is extracted. Column 6 to 12 is filled with the polynomial coefficient. The row
distribution is not important, but for simplicity the data is arranged in ascending
order by prioritizing the smaller column first. (Another way of looking at this is
that if we input the data into a matrix M , hence for every i, j and k where i ≠ j
and k is the smallest integer such that Mi,k ≠Mj,k hence i > j ↔Mi,k >Mj,k.)
Table F.1: Format used in storing the wake data.
Column 1 2 3 4 5 6 7 ... 12
Parameter β τ λK CV
y
b a0 a1 ... a6
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β τ λ_K C_V y/b a0 a1 a2 a3 a4 a5 a6
10 3 1.071 3.585 0 0.00000E+00 1.30361E-02 2.21980E-02 -3.68286E-03 -2.74563E-04 1.61203E-04 -1.31228E-05
10 3 1.071 3.585 0.25 4.40817E-02 1.23221E-02 2.90770E-03 3.18792E-03 -1.16330E-03 2.23479E-04 -1.65511E-05
10 3 1.071 3.585 0.5 8.81635E-02 3.15197E-02 -8.48972E-03 6.60101E-03 -1.44717E-03 9.82080E-05 7.09340E-07
10 3 1.071 4.780 0 0.00000E+00 1.40826E-02 1.15722E-02 -1.40930E-03 1.33759E-04 -1.89705E-05 1.76900E-06
10 3 1.071 4.780 0.25 4.40817E-02 1.03152E-02 8.52493E-03 -3.04202E-03 1.10164E-03 -1.74014E-04 1.02214E-05
10 3 1.071 4.780 0.5 8.81635E-02 2.89025E-02 6.63980E-03 -6.47701E-03 2.78388E-03 -4.80157E-04 2.90129E-05
10 3 1.071 7.170 0 0.00000E+00 1.50065E-02 4.61429E-03 4.38728E-04 -2.23169E-04 2.97388E-05 -1.34282E-06
10 3 1.071 7.170 0.25 4.40817E-02 1.32945E-02 2.73777E-03 -3.85211E-04 3.70968E-04 -9.16631E-05 7.04816E-06
10 3 1.071 7.170 0.5 8.81635E-02 2.85965E-02 7.77069E-03 -4.96921E-03 1.44995E-03 -1.89990E-04 9.55254E-06
10 3 1.071 9.560 0 0.00000E+00 1.47383E-02 2.65897E-03 8.00110E-04 -3.13770E-04 4.77275E-05 -2.70012E-06
10 3 1.071 9.560 0.25 4.40817E-02 1.63010E-02 -4.16204E-03 4.58681E-03 -1.31245E-03 1.62017E-04 -7.09995E-06
10 3 1.071 9.560 0.5 8.81635E-02 3.38968E-02 -3.97789E-03 5.15230E-03 -2.40700E-03 4.69232E-04 -3.21076E-05
10 3 1.250 3.000 0 0.00000E+00 1.55218E-02 3.36615E-02 -1.21007E-02 2.48037E-03 -2.47348E-04 9.28948E-06
10 3 1.250 3.000 0.25 4.40817E-02 2.28506E-03 2.89550E-02 -1.97085E-02 8.14410E-03 -1.40807E-03 8.46445E-05
10 3 1.250 3.000 0.5 8.81635E-02 2.50281E-02 -2.76159E-02 3.05943E-02 -1.09617E-02 1.66851E-03 -9.16031E-05
10 3 1.250 4.000 0 0.00000E+00 6.19525E-03 3.45801E-02 -1.59732E-02 4.42116E-03 -6.11887E-04 3.31177E-05
10 3 1.250 4.000 0.25 4.40817E-02 1.47922E-02 -5.50929E-03 8.44316E-03 -2.73633E-03 4.32033E-04 -2.60363E-05
10 3 1.250 4.000 0.5 8.81635E-02 8.07237E-03 2.33880E-02 -1.52305E-02 5.46676E-03 -8.69601E-04 4.96643E-05
10 3 1.250 6.000 0 0.00000E+00 6.36086E-03 1.68855E-02 -4.36157E-03 5.88988E-04 -2.07401E-05 -1.11335E-06
10 3 1.250 6.000 0.25 4.40817E-02 1.36450E-02 -1.64654E-03 2.95427E-03 -6.30568E-04 5.75044E-05 -1.70938E-06
10 3 1.250 6.000 0.5 8.81635E-02 3.73262E-03 3.30188E-02 -2.35814E-02 8.36637E-03 -1.36521E-03 8.33030E-05
10 3 1.250 8.000 0 0.00000E+00 3.02870E-03 1.92425E-02 -7.64023E-03 1.84205E-03 -2.24626E-04 1.08619E-05
10 3 1.250 8.000 0.25 4.40817E-02 1.72466E-02 -1.07572E-02 9.62576E-03 -2.94659E-03 4.17487E-04 -2.24961E-05
10 3 1.250 8.000 0.5 8.81635E-02 8.60685E-03 2.16309E-02 -1.36761E-02 4.44956E-03 -6.81470E-04 3.96771E-05
10 3 2.000 3.000 0 0.00000E+00 1.28379E-02 5.88062E-02 -3.13189E-02 8.49457E-03 -1.02704E-03 4.40226E-05
10 3 2.000 3.000 0.25 4.40817E-02 1.71072E-02 5.17084E-03 -5.80232E-03 5.96896E-03 -1.44518E-03 1.04196E-04
10 3 2.000 3.000 0.5 8.81635E-02 7.09841E-03 3.17796E-02 -5.32806E-03 -2.19391E-03 7.41672E-04 -5.71697E-05
10 3 2.000 4.000 0 0.00000E+00 1.06708E-02 4.09355E-02 -2.02252E-02 5.17130E-03 -6.18891E-04 2.86549E-05
10 3 2.000 4.000 0.25 4.40817E-02 6.08859E-03 1.04447E-02 -1.88391E-03 4.10315E-04 2.40715E-05 -7.65379E-06
10 3 2.000 4.000 0.5 8.81635E-02 3.88868E-02 -4.24975E-02 3.29477E-02 -8.89658E-03 1.01255E-03 -4.08169E-05
10 3 2.000 6.000 0 0.00000E+00 6.33273E-03 2.24549E-02 -7.42611E-03 1.34336E-03 -1.20117E-04 4.43144E-06
10 3 2.000 6.000 0.25 4.40817E-02 1.19023E-02 -6.01353E-03 6.77784E-03 -1.98498E-03 2.82709E-04 -1.55245E-05
10 3 2.000 6.000 0.5 8.81635E-02 3.70457E-02 -2.87359E-02 1.57015E-02 -3.31531E-03 3.20549E-04 -1.14804E-05
10 3 2.000 8.000 0 0.00000E+00 5.40072E-03 8.59921E-03 -4.34018E-04 -3.33467E-04 8.47002E-05 -5.89918E-06
10 3 2.000 8.000 0.25 4.40817E-02 1.24913E-02 -6.11270E-03 5.47462E-03 -1.33083E-03 1.39196E-04 -4.93828E-06
10 3 2.000 8.000 0.5 8.81635E-02 5.80070E-03 1.11230E-02 -5.52527E-03 1.90615E-03 -3.16579E-04 1.98840E-05
10 3 3.000 3.000 0 0.00000E+00 -2.54064E-02 1.79476E-01 -1.35988E-01 4.80106E-02 -7.45293E-03 4.15171E-04
10 3 3.000 3.000 0.25 4.40817E-02 5.38004E-02 -1.04066E-01 1.05994E-01 -3.72162E-02 5.62645E-03 -3.11392E-04
10 3 3.000 3.000 0.5 8.81635E-02 5.07197E-02 6.75472E-02 -6.30632E-02 2.08538E-02 -2.97402E-03 1.57395E-04
10 3 3.000 4.000 0 0.00000E+00 1.02844E-02 4.08504E-02 -1.69113E-02 3.66650E-03 -3.49778E-04 1.32888E-05
10 3 3.000 4.000 0.25 4.40817E-02 -1.09781E-02 6.30531E-02 -4.75092E-02 1.77527E-02 -2.82617E-03 1.59401E-04
10 3 3.000 4.000 0.5 8.81635E-02 1.43870E-02 -1.97932E-02 4.47789E-02 -1.91587E-02 3.17580E-03 -1.84918E-04
10 3 3.000 6.000 0 0.00000E+00 1.34045E-02 1.67196E-02 -5.57218E-03 1.13921E-03 -1.19098E-04 5.34163E-06
10 3 3.000 6.000 0.25 4.40817E-02 1.08503E-02 -2.77361E-03 4.65182E-03 -1.28922E-03 1.80351E-04 -9.73923E-06
10 3 3.000 6.000 0.5 8.81635E-02 1.88643E-02 -1.67983E-02 1.73610E-02 -6.06827E-03 1.00883E-03 -6.33308E-05
10 3 3.000 8.000 0 0.00000E+00 5.10472E-03 7.98315E-03 -1.32521E-04 -3.28745E-04 7.14332E-05 -4.59898E-06
10 3 3.000 8.000 0.25 4.40817E-02 1.10129E-02 -4.52484E-03 4.30056E-03 -9.08062E-04 7.44608E-05 -1.38973E-06
10 3 3.000 8.000 0.5 8.81635E-02 2.02397E-03 1.50531E-02 -7.84278E-03 2.55841E-03 -3.90940E-04 2.23340E-05
10 4 0.803 3.560 0 0.00000E+00 2.15113E-02 2.53259E-02 -7.74476E-03 1.58713E-03 -1.59760E-04 6.11067E-06
10 4 0.803 3.560 0.25 4.40817E-02 1.97976E-02 2.16030E-03 5.42065E-03 -2.03865E-03 3.74880E-04 -2.59738E-05
10 4 0.803 3.560 0.5 8.81635E-02 4.57220E-02 -1.97719E-03 -8.28548E-04 1.54185E-03 -3.90844E-04 2.88070E-05
10 4 0.803 4.747 0 0.00000E+00 2.05052E-02 1.77539E-02 -5.27556E-03 1.17233E-03 -1.34704E-04 6.28336E-06
10 4 0.803 4.747 0.25 4.40817E-02 1.97342E-02 3.58780E-03 1.86340E-03 -5.84097E-04 8.64179E-05 -4.64299E-06
10 4 0.803 4.747 0.5 8.81635E-02 4.65275E-02 6.32317E-03 -7.62900E-03 3.06152E-03 -4.85706E-04 2.76078E-05
10 4 0.803 7.120 0 0.00000E+00 2.30887E-02 2.74336E-03 3.07322E-03 -1.23654E-03 1.96027E-04 -1.11923E-05
10 4 0.803 7.120 0.25 4.40817E-02 1.72301E-02 7.96011E-03 -1.61652E-03 2.31535E-04 -3.89703E-06 -9.84453E-07
10 4 0.803 7.120 0.5 8.81635E-02 5.05483E-02 -4.93415E-04 -1.85230E-03 5.93463E-04 -5.39282E-05 1.51181E-06
10 4 0.803 9.493 0 0.00000E+00 2.08030E-02 5.77442E-03 -1.78741E-04 -1.27445E-04 2.68012E-05 -1.54928E-06
10 4 0.803 9.493 0.25 4.40817E-02 1.89311E-02 3.67491E-03 1.81364E-03 -9.98983E-04 1.77608E-04 -1.04393E-05
10 4 0.803 9.493 0.5 8.81635E-02 5.34484E-02 -6.51142E-03 2.39934E-03 -8.34334E-04 1.69546E-04 -1.20464E-05
10 4 1.000 3.000 0 0.00000E+00 1.81204E-02 5.45032E-02 -2.76149E-02 7.26711E-03 -8.80191E-04 3.98223E-05
10 4 1.000 3.000 0.25 4.40817E-02 7.86865E-03 2.38451E-02 -1.02337E-02 4.05297E-03 -6.55326E-04 3.44881E-05
10 4 1.000 3.000 0.5 8.81635E-02 3.77988E-02 -4.36618E-02 4.55489E-02 -1.55452E-02 2.25058E-03 -1.17633E-04
10 4 1.000 4.000 0 0.00000E+00 1.83055E-02 2.84956E-02 -8.67072E-03 1.31113E-03 -6.29474E-05 -8.18850E-07
10 4 1.000 4.000 0.25 4.40817E-02 1.41307E-02 6.44080E-03 1.55477E-03 -5.10484E-04 9.68247E-05 -7.07621E-06
10 4 1.000 4.000 0.5 8.81635E-02 1.20701E-02 2.95159E-02 -1.91353E-02 7.30521E-03 -1.22748E-03 7.31881E-05
10 4 1.000 6.000 0 0.00000E+00 4.36499E-02 -1.12105E-02 9.30223E-03 -2.79183E-03 3.89213E-04 -2.04180E-05
10 4 1.000 6.000 0.25 4.40817E-02 7.54964E-03 1.82601E-02 -8.44287E-03 2.59889E-03 -3.74131E-04 2.04633E-05
10 4 1.000 6.000 0.5 8.81635E-02 1.68490E-02 1.82159E-02 -8.72293E-03 2.69850E-03 -4.03802E-04 2.30749E-05
10 4 1.000 8.000 0 0.00000E+00 2.52942E-02 -5.98804E-03 9.04108E-03 -2.86957E-03 3.88266E-04 -1.94614E-05
10 4 1.000 8.000 0.25 4.40817E-02 1.81731E-02 -9.29766E-04 3.89312E-03 -1.28861E-03 1.88078E-04 -9.95131E-06
10 4 1.000 8.000 0.5 8.81635E-02 1.68990E-02 1.87909E-02 -8.87495E-03 2.52624E-03 -3.59097E-04 1.99331E-05
10 4 2.000 3.000 0 0.00000E+00 4.17956E-02 1.50075E-02 2.13395E-03 -2.96866E-03 9.14790E-04 -8.17030E-05
10 4 2.000 3.000 0.25 4.40817E-02 3.35042E-02 -3.08817E-02 2.82197E-02 -5.08201E-03 9.11027E-05 2.64889E-05
10 4 2.000 3.000 0.5 8.81635E-02 -2.14970E-02 8.30034E-02 -2.27548E-02 1.57922E-05 6.94854E-04 -6.32343E-05
10 4 2.000 4.000 0 0.00000E+00 1.36677E-02 3.36307E-02 -1.25471E-02 2.94600E-03 -3.26469E-04 1.42782E-05
10 4 2.000 4.000 0.25 4.40817E-02 1.49339E-02 3.83066E-03 5.57470E-03 -2.51829E-03 5.73096E-04 -4.60655E-05
10 4 2.000 4.000 0.5 8.81635E-02 3.66750E-02 -2.35183E-02 1.90791E-02 -3.55231E-03 1.10008E-04 1.37370E-05
10 4 2.000 6.000 0 0.00000E+00 1.77961E-02 1.89980E-02 -7.94135E-03 2.10508E-03 -2.75193E-04 1.41617E-05
10 4 2.000 6.000 0.25 4.40817E-02 1.65312E-02 -1.21245E-02 1.41953E-02 -4.72812E-03 7.17313E-04 -4.04564E-05
10 4 2.000 6.000 0.5 8.81635E-02 2.10775E-02 -6.29784E-03 8.07661E-03 -2.25167E-03 2.83809E-04 -1.30623E-05
10 4 2.000 8.000 0 0.00000E+00 1.19241E-02 1.23089E-02 -2.05186E-03 1.45001E-04 4.69177E-06 -7.20647E-07
10 4 2.000 8.000 0.25 4.40817E-02 1.68552E-02 -6.70305E-03 6.77528E-03 -1.93717E-03 2.66186E-04 -1.40959E-05
10 4 2.000 8.000 0.5 8.81635E-02 1.01733E-02 1.72512E-02 -9.95309E-03 3.48648E-03 -5.57956E-04 3.29292E-05
10 4 3.000 3.000 0 0.00000E+00 4.59440E-02 7.50481E-02 -9.23649E-02 4.76222E-02 -9.31394E-03 6.10822E-04
10 4 3.000 3.000 0.25 4.40817E-02 3.09626E-02 -5.66556E-02 8.78566E-02 -3.41848E-02 5.45748E-03 -3.13524E-04
10 4 3.000 3.000 0.5 8.81635E-02 7.40821E-02 1.04785E-01 -9.31426E-02 3.02690E-02 -4.31857E-03 2.30334E-04
10 4 3.000 4.000 0 0.00000E+00 6.48049E-02 -5.57066E-02 5.38906E-02 -1.96756E-02 3.22409E-03 -1.88944E-04
10 4 3.000 4.000 0.25 4.40817E-02 -2.08621E-02 9.83535E-02 -7.68675E-02 2.94430E-02 -4.84713E-03 2.84482E-04
10 4 3.000 4.000 0.5 8.81635E-02 3.31531E-02 -5.72193E-02 7.77783E-02 -2.93988E-02 4.54872E-03 -2.52910E-04
10 4 3.000 6.000 0 0.00000E+00 3.92801E-02 -1.17743E-02 1.08448E-02 -3.42399E-03 5.08270E-04 -2.82859E-05
10 4 3.000 6.000 0.25 4.40817E-02 1.29732E-02 -1.58364E-03 5.77494E-03 -1.79165E-03 2.67315E-04 -1.50375E-05
10 4 3.000 6.000 0.5 8.81635E-02 1.95103E-02 -5.98730E-03 1.05490E-02 -3.83373E-03 6.58500E-04 -4.18239E-05
10 4 3.000 8.000 0 0.00000E+00 4.51424E-02 -2.48006E-02 1.58328E-02 -4.25651E-03 5.42778E-04 -2.64442E-05
10 4 3.000 8.000 0.25 4.40817E-02 1.14152E-02 -2.68017E-03 5.72298E-03 -1.86169E-03 2.78412E-04 -1.56350E-05
10 4 3.000 8.000 0.5 8.81635E-02 1.28084E-02 5.70312E-03 -4.92909E-04 3.34734E-04 -8.83525E-05 7.14974E-06
10 5 0.642 3.582 0 0.00000E+00 2.43350E-02 3.20052E-02 -1.10090E-02 2.61722E-03 -3.15958E-04 1.52198E-05
10 5 0.642 3.582 0.25 4.40817E-02 2.83900E-02 4.39082E-03 3.20334E-03 -8.76988E-04 1.43436E-04 -1.01301E-05
10 5 0.642 3.582 0.5 8.81635E-02 4.68697E-02 6.73197E-03 -4.36684E-03 2.61608E-03 -5.52180E-04 3.74837E-05
10 5 0.642 4.776 0 0.00000E+00 3.11306E-02 1.00340E-02 9.44194E-04 -6.79116E-04 1.15037E-04 -6.44498E-06
10 5 0.642 4.776 0.25 4.40817E-02 2.87428E-02 3.62130E-03 2.39768E-03 -7.47447E-04 1.13920E-04 -6.56572E-06
10 5 0.642 4.776 0.5 8.81635E-02 6.25348E-02 -2.00316E-02 1.47114E-02 -4.53228E-03 6.92488E-04 -4.09964E-05
10 5 0.642 7.164 0 0.00000E+00 3.66917E-02 -5.03328E-03 8.37374E-03 -2.75665E-03 3.98432E-04 -2.14095E-05
10 5 0.642 7.164 0.25 4.40817E-02 3.05009E-02 5.97488E-04 3.10593E-03 -9.04682E-04 1.06491E-04 -4.04101E-06
10 5 0.642 7.164 0.5 8.81635E-02 5.55306E-02 -4.72411E-03 2.73172E-03 -4.99975E-04 3.64154E-05 -1.11080E-07
10 5 0.642 9.552 0 0.00000E+00 2.85771E-02 5.47234E-03 1.05609E-03 -5.95091E-04 1.03533E-04 -6.31478E-06
10 5 0.642 9.552 0.25 4.40817E-02 3.14517E-02 -7.83836E-04 2.97220E-03 -7.03171E-04 5.87582E-05 -7.93924E-07
10 5 0.642 9.552 0.5 8.81635E-02 5.74286E-02 -9.45084E-03 5.93846E-03 -1.46640E-03 1.61951E-04 -6.06628E-06
10 5 0.750 3.000 0 0.00000E+00 2.34697E-02 3.99438E-02 -1.27827E-02 2.32835E-03 -1.60140E-04 1.04426E-06
10 5 0.750 3.000 0.25 4.40817E-02 2.00799E-02 2.19688E-02 -1.24478E-02 5.85473E-03 -1.03942E-03 6.05701E-05
10 5 0.750 3.000 0.5 8.81635E-02 4.04750E-02 -1.80719E-02 2.29922E-02 -7.06921E-03 8.75052E-04 -3.74504E-05
10 5 0.750 4.000 0 0.00000E+00 1.97454E-02 3.13837E-02 -1.04488E-02 2.34775E-03 -2.75153E-04 1.34151E-05
10 5 0.750 4.000 0.25 4.40817E-02 3.09217E-02 -7.55734E-03 1.10406E-02 -3.39011E-03 5.12085E-04 -2.97921E-05
10 5 0.750 4.000 0.5 8.81635E-02 1.71706E-02 4.64815E-02 -3.14886E-02 1.09076E-02 -1.67419E-03 9.32106E-05
10 5 0.750 6.000 0 0.00000E+00 2.93260E-02 -1.37663E-03 1.15144E-02 -5.01911E-03 8.81895E-04 -5.50183E-05
10 5 0.750 6.000 0.25 4.40817E-02 2.67228E-02 -1.19259E-03 4.71609E-03 -1.12482E-03 1.02728E-04 -2.43980E-06
10 5 0.750 6.000 0.5 8.81635E-02 2.83054E-02 1.76739E-02 -8.07394E-03 2.29252E-03 -3.16115E-04 1.71343E-05
10 5 0.750 8.000 0 0.00000E+00 -8.77043E-04 4.39055E-02 -1.91128E-02 4.73172E-03 -5.93017E-04 2.95420E-05
10 5 0.750 8.000 0.25 4.40817E-02 1.40678E-02 1.97627E-02 -8.85605E-03 2.59214E-03 -3.66293E-04 1.97137E-05
10 5 0.750 8.000 0.5 8.81635E-02 9.99094E-03 5.04901E-02 -3.01482E-02 8.89064E-03 -1.23998E-03 6.62814E-05
10 5 1.000 3.000 0 0.00000E+00 1.52566E-02 5.30931E-02 -2.15523E-02 5.10598E-03 -5.54535E-04 2.21803E-05
10 5 1.000 3.000 0.25 4.40817E-02 2.99399E-03 5.17690E-02 -3.53611E-02 1.42794E-02 -2.42999E-03 1.44209E-04
10 5 1.000 3.000 0.5 8.81635E-02 4.27591E-02 -4.52900E-02 4.99792E-02 -1.65929E-02 2.31831E-03 -1.17345E-04
10 5 1.000 4.000 0 0.00000E+00 1.92570E-02 2.26434E-02 -2.48804E-03 -4.77485E-04 1.70755E-04 -1.23411E-05
10 5 1.000 4.000 0.25 4.40817E-02 2.17151E-02 -5.76776E-04 7.95731E-03 -2.59463E-03 4.06962E-04 -2.39282E-05
10 5 1.000 4.000 0.5 8.81635E-02 1.14380E-02 3.68621E-02 -2.26075E-02 8.22685E-03 -1.30659E-03 7.36650E-05
10 5 1.000 6.000 0 0.00000E+00 1.72159E-02 1.62999E-02 -2.72438E-03 2.42006E-04 2.28195E-06 -1.06530E-06
10 5 1.000 6.000 0.25 4.40817E-02 2.25024E-02 -1.73569E-03 5.42849E-03 -1.49640E-03 1.87078E-04 -8.83826E-06
10 5 1.000 6.000 0.5 8.81635E-02 1.62688E-02 2.18333E-02 -1.04974E-02 3.34093E-03 -5.12288E-04 2.99341E-05
10 5 1.000 8.000 0 0.00000E+00 1.90940E-02 8.30098E-03 9.24431E-04 -6.40442E-04 1.02958E-04 -5.43764E-06
10 5 1.000 8.000 0.25 4.40817E-02 2.10742E-02 2.17282E-03 1.93577E-03 -4.88196E-04 5.10372E-05 -1.88765E-06
10 5 1.000 8.000 0.5 8.81635E-02 1.61983E-02 2.23769E-02 -1.04567E-02 2.76106E-03 -3.36911E-04 1.51111E-05
10 5 2.000 3.000 0 0.00000E+00 -4.63144E-03 1.21520E-01 -7.21335E-02 2.03750E-02 -2.28070E-03 7.51931E-05
10 5 2.000 3.000 0.25 4.40817E-02 8.32580E-02 -1.21139E-01 9.33924E-02 -2.47172E-02 2.78066E-03 -1.11592E-04
10 5 2.000 3.000 0.5 8.81635E-02 -3.08335E-02 1.14553E-01 -3.62518E-02 3.12186E-03 3.12326E-04 -4.38836E-05
10 5 2.000 4.000 0 0.00000E+00 6.61939E-02 -3.55112E-02 2.55714E-02 -6.61381E-03 8.12449E-04 -3.71403E-05
10 5 2.000 4.000 0.25 4.40817E-02 3.33856E-02 -1.44632E-02 1.72975E-02 -6.00332E-03 1.11631E-03 -7.97419E-05
10 5 2.000 4.000 0.5 8.81635E-02 4.60438E-02 -3.62689E-02 3.22704E-02 -7.93137E-03 7.54089E-04 -2.18817E-05
10 5 2.000 6.000 0 0.00000E+00 3.55276E-02 -7.98869E-03 9.20487E-03 -2.61984E-03 3.43712E-04 -1.71471E-05
10 5 2.000 6.000 0.25 4.40817E-02 2.45153E-02 -5.89215E-03 5.74843E-03 -1.11702E-03 1.06573E-04 -4.24416E-06
10 5 2.000 6.000 0.5 8.81635E-02 1.78728E-02 1.71356E-02 -1.05256E-02 4.35328E-03 -7.61005E-04 4.75515E-05
10 5 2.000 8.000 0 0.00000E+00 1.36078E-02 6.75152E-03 2.25593E-03 -9.78133E-04 1.43625E-04 -7.43807E-06
10 5 2.000 8.000 0.25 4.40817E-02 2.21809E-02 -1.14774E-02 1.11116E-02 -3.16100E-03 4.14829E-04 -2.07489E-05
10 5 2.000 8.000 0.5 8.81635E-02 8.49707E-03 1.89250E-02 -5.83468E-03 8.65961E-04 -5.07472E-06 -5.69171E-06
10 5 3.000 3.000 0 0.00000E+00 1.03333E-01 -6.76227E-02 2.70054E-02 7.66936E-03 -3.23479E-03 2.62448E-04
10 5 3.000 3.000 0.25 4.40817E-02 3.71702E-02 -5.08650E-02 9.13209E-02 -3.62616E-02 5.79494E-03 -3.30126E-04
10 5 3.000 3.000 0.5 8.81635E-02 -4.88605E-02 3.88728E-01 -2.74628E-01 8.27500E-02 -1.14121E-02 5.94813E-04
10 5 3.000 4.000 0 0.00000E+00 8.81050E-02 -1.33244E-01 1.31368E-01 -5.04261E-02 8.60883E-03 -5.29515E-04
10 5 3.000 4.000 0.25 4.40817E-02 -2.29423E-02 1.34856E-01 -1.11797E-01 4.30817E-02 -7.09941E-03 4.17831E-04
10 5 3.000 4.000 0.5 8.81635E-02 5.43175E-02 -9.96287E-02 1.12515E-01 -3.98716E-02 5.93371E-03 -3.20792E-04
10 5 3.000 6.000 0 0.00000E+00 3.93901E-02 -1.23483E-02 1.03166E-02 -2.32163E-03 2.24555E-04 -7.21764E-06
10 5 3.000 6.000 0.25 4.40817E-02 2.52088E-02 -6.93853E-03 7.25967E-03 -1.69598E-03 2.02482E-04 -9.68132E-06
10 5 3.000 6.000 0.5 8.81635E-02 2.62976E-02 -5.59094E-03 1.03839E-02 -3.55661E-03 5.69343E-04 -3.32951E-05
10 5 3.000 8.000 0 0.00000E+00 1.45460E-02 3.93976E-03 3.85024E-03 -1.33996E-03 1.80318E-04 -8.70746E-06
10 5 3.000 8.000 0.25 4.40817E-02 1.84912E-02 -6.75560E-03 8.78232E-03 -2.63815E-03 3.62622E-04 -1.87921E-05
10 5 3.000 8.000 0.5 8.81635E-02 6.65718E-03 2.32028E-02 -1.12140E-02 3.42667E-03 -5.07564E-04 2.91394E-05
10 6 0.534 3.556 0 0.00000E+00 6.30362E-02 -8.49443E-03 1.12717E-02 -3.14656E-03 4.10310E-04 -2.04797E-05
10 6 0.534 3.556 0.25 4.40817E-02 3.50855E-02 5.19642E-03 4.71861E-03 -1.50610E-03 2.50682E-04 -1.68775E-05
10 6 0.534 3.556 0.5 8.81635E-02 6.15369E-02 1.00352E-02 -9.80645E-03 4.81945E-03 -8.80779E-04 5.39471E-05
10 6 0.534 4.742 0 0.00000E+00 5.35920E-02 7.74271E-03 -2.68069E-03 1.08178E-03 -1.60896E-04 8.19475E-06
10 6 0.534 4.742 0.25 4.40817E-02 3.34844E-02 1.09620E-02 -1.70513E-03 6.03505E-04 -1.01386E-04 6.46487E-06
10 6 0.534 4.742 0.5 8.81635E-02 6.87584E-02 -3.94657E-03 2.96868E-03 -1.00262E-03 2.19936E-04 -1.71929E-05
10 6 0.534 7.113 0 0.00000E+00 4.14146E-02 9.31546E-03 -1.17032E-03 4.59271E-05 2.65576E-05 -3.09013E-06
10 6 0.534 7.113 0.25 4.40817E-02 3.23322E-02 1.28248E-02 -3.34015E-03 6.87547E-04 -6.37760E-05 1.98995E-06
10 6 0.534 7.113 0.5 8.81635E-02 6.15890E-02 1.49268E-02 -1.06678E-02 2.99634E-03 -3.30537E-04 1.15442E-05
10 6 0.534 9.484 0 0.00000E+00 4.36282E-02 1.72869E-04 5.57333E-03 -2.24016E-03 3.68536E-04 -2.18186E-05
10 6 0.534 9.484 0.25 4.40817E-02 3.60339E-02 6.32196E-03 4.83343E-04 -4.77619E-04 9.45282E-05 -5.87096E-06
10 6 0.534 9.484 0.5 8.81635E-02 6.37014E-02 1.38390E-02 -1.26737E-02 4.39943E-03 -6.41826E-04 3.39287E-05
10 6 0.750 3.000 0 0.00000E+00 2.52136E-02 5.09862E-02 -2.06599E-02 5.17876E-03 -6.10026E-04 2.76204E-05
10 6 0.750 3.000 0.25 4.40817E-02 7.30026E-03 5.51734E-02 -3.38559E-02 1.27499E-02 -2.04400E-03 1.14111E-04
10 6 0.750 3.000 0.5 8.81635E-02 4.46883E-02 -2.60171E-02 3.33238E-02 -1.03547E-02 1.32251E-03 -6.07218E-05
10 6 0.750 4.000 0 0.00000E+00 1.55384E-02 5.46520E-02 -2.62516E-02 7.29782E-03 -9.82528E-04 5.14790E-05
10 6 0.750 4.000 0.25 4.40817E-02 2.76694E-02 4.01033E-03 5.75964E-03 -1.88346E-03 2.89715E-04 -1.65044E-05
10 6 0.750 4.000 0.5 8.81635E-02 2.19746E-02 3.49510E-02 -1.77933E-02 5.65006E-03 -7.87759E-04 3.85941E-05
10 6 0.750 6.000 0 0.00000E+00 1.97609E-02 2.85853E-02 -1.01748E-02 2.49147E-03 -3.17243E-04 1.61072E-05
10 6 0.750 6.000 0.25 4.40817E-02 2.00875E-02 1.98041E-02 -7.76414E-03 2.37743E-03 -3.50720E-04 1.97265E-05
10 6 0.750 6.000 0.5 8.81635E-02 2.34269E-02 2.77932E-02 -1.23954E-02 3.37519E-03 -4.45305E-04 2.29614E-05
10 6 0.750 8.000 0 0.00000E+00 1.22965E-02 2.90488E-02 -8.50195E-03 1.48997E-03 -1.27004E-04 3.89802E-06
10 6 0.750 8.000 0.25 4.40817E-02 1.89985E-02 2.05821E-02 -7.77354E-03 2.03375E-03 -2.67475E-04 1.39211E-05
10 6 0.750 8.000 0.5 8.81635E-02 2.34250E-02 2.92994E-02 -1.33309E-02 3.32549E-03 -3.91638E-04 1.74143E-05
10 6 1.000 3.000 0 0.00000E+00 4.09006E-02 1.71071E-02 4.14072E-03 -2.91427E-03 6.31884E-04 -4.38185E-05
10 6 1.000 3.000 0.25 4.40817E-02 -1.04457E-02 9.33159E-02 -6.53373E-02 2.46056E-02 -4.02618E-03 2.34497E-04
10 6 1.000 3.000 0.5 8.81635E-02 3.37752E-02 -2.11322E-02 3.72835E-02 -1.25645E-02 1.68985E-03 -8.07409E-05
10 6 1.000 4.000 0 0.00000E+00 4.30442E-02 4.64611E-03 3.90913E-03 -1.10892E-03 1.33693E-04 -5.35157E-06
10 6 1.000 4.000 0.25 4.40817E-02 1.94065E-02 1.02787E-02 3.10595E-03 -1.30353E-03 2.38509E-04 -1.51454E-05
10 6 1.000 4.000 0.5 8.81635E-02 6.21410E-03 5.13309E-02 -2.73687E-02 8.81601E-03 -1.28787E-03 6.79989E-05
10 6 1.000 6.000 0 0.00000E+00 9.26718E-03 3.25966E-02 -9.95069E-03 1.97861E-03 -2.06084E-04 8.82140E-06
10 6 1.000 6.000 0.25 4.40817E-02 2.14588E-02 5.36342E-03 3.32141E-03 -1.21087E-03 1.81214E-04 -9.83982E-06
10 6 1.000 6.000 0.5 8.81635E-02 7.57951E-03 4.37473E-02 -2.27513E-02 6.69896E-03 -9.40484E-04 5.05118E-05
10 6 1.000 8.000 0 0.00000E+00 7.51283E-03 5.27083E-02 -3.13805E-02 9.69777E-03 -1.40186E-03 7.63582E-05
10 6 1.000 8.000 0.25 4.40817E-02 1.54150E-02 1.62131E-02 -5.05325E-03 1.47743E-03 -2.28569E-04 1.37268E-05
10 6 1.000 8.000 0.5 8.81635E-02 1.77271E-02 1.99793E-02 -4.55328E-03 3.94042E-04 2.96910E-05 -4.46003E-06
10 6 2.000 3.000 0 0.00000E+00 -2.70898E-02 1.89002E-01 -1.27579E-01 4.07118E-02 -5.47114E-03 2.53994E-04
10 6 2.000 3.000 0.25 4.40817E-02 8.35908E-02 -1.28835E-01 1.08153E-01 -3.03309E-02 3.65889E-03 -1.61714E-04
10 6 2.000 3.000 0.5 8.81635E-02 -2.30759E-02 9.69315E-02 -1.34254E-02 -5.31540E-03 1.61488E-03 -1.17103E-04
10 6 2.000 4.000 0 0.00000E+00 3.74277E-02 1.03966E-02 1.18124E-03 1.69026E-04 -1.34694E-04 1.59520E-05
10 6 2.000 4.000 0.25 4.40817E-02 1.17714E-02 1.79377E-02 3.09800E-03 -3.09194E-03 8.87747E-04 -7.65688E-05
10 6 2.000 4.000 0.5 8.81635E-02 7.48718E-03 4.40650E-02 -2.79350E-02 1.31240E-02 -2.55237E-03 1.68570E-04
10 6 2.000 6.000 0 0.00000E+00 3.57038E-04 4.69216E-02 -2.10880E-02 5.72459E-03 -7.64441E-04 3.96085E-05
10 6 2.000 6.000 0.25 4.40817E-02 1.54150E-02 7.19856E-03 2.11139E-03 -5.87310E-04 5.70372E-05 -1.35300E-06
10 6 2.000 6.000 0.5 8.81635E-02 8.54639E-03 2.19980E-02 -3.55305E-03 -1.02396E-04 1.36584E-04 -1.18820E-05
10 6 2.000 8.000 0 0.00000E+00 4.19409E-02 -1.48890E-02 9.41042E-03 -1.68961E-03 1.06736E-04 -2.49465E-07
10 6 2.000 8.000 0.25 4.40817E-02 1.11741E-02 1.42145E-02 -3.70456E-03 1.05273E-03 -1.55953E-04 8.88255E-06
10 6 2.000 8.000 0.5 8.81635E-02 2.93972E-03 3.27466E-02 -1.35523E-02 3.42324E-03 -4.35962E-04 2.23979E-05
15 3 1.627 3.494 0 0.00000E+00 1.70842E-02 4.41040E-02 -1.89108E-02 4.43718E-03 -5.26389E-04 2.47981E-05
15 3 1.627 3.494 0.25 6.69873E-02 -2.95347E-03 2.71691E-02 -1.37632E-02 4.61044E-03 -6.68265E-04 3.39223E-05
15 3 1.627 3.494 0.5 1.33975E-01 5.40179E-02 -3.72544E-02 1.89922E-02 -4.28494E-03 4.27162E-04 -1.38311E-05
15 3 1.627 4.658 0 0.00000E+00 2.27244E-02 1.04723E-02 2.16709E-03 -1.64416E-03 3.02660E-04 -1.82177E-05
15 3 1.627 4.658 0.25 6.69873E-02 5.37571E-03 4.40618E-03 3.15436E-03 -1.34581E-03 2.37300E-04 -1.47866E-05
15 3 1.627 4.658 0.5 1.33975E-01 4.77971E-02 -1.02706E-02 -1.15757E-03 1.83739E-03 -3.82997E-04 2.44433E-05
15 3 1.627 6.987 0 0.00000E+00 2.07852E-02 -4.12491E-03 9.28786E-03 -3.38329E-03 5.11704E-04 -2.81592E-05
15 3 1.627 6.987 0.25 6.69873E-02 2.08854E-03 1.59026E-02 -8.17770E-03 2.59533E-03 -3.88499E-04 2.21143E-05
15 3 1.627 6.987 0.5 1.33975E-01 3.90531E-02 -1.20227E-02 5.78276E-03 -1.36959E-03 1.73816E-04 -9.17927E-06
15 3 1.627 9.316 0 0.00000E+00 2.37626E-02 -4.01632E-03 4.96679E-03 -1.45215E-03 1.84612E-04 -8.63264E-06
15 3 1.627 9.316 0.25 6.69873E-02 9.62310E-04 1.39038E-02 -5.74814E-03 1.60034E-03 -2.35241E-04 1.40505E-05
15 3 1.627 9.316 0.5 1.33975E-01 3.89740E-02 -5.35716E-03 1.60636E-03 -4.58646E-04 1.00851E-04 -8.38184E-06
15 3 2.000 3.000 0 0.00000E+00 1.14311E-02 7.28332E-02 -3.44599E-02 8.14948E-03 -9.34909E-04 4.12328E-05
15 3 2.000 3.000 0.25 6.69873E-02 1.73408E-02 -2.55502E-03 5.06811E-03 -1.64675E-04 -1.44685E-04 1.31815E-05
15 3 2.000 3.000 0.5 1.33975E-01 3.24972E-02 -4.57634E-02 3.87338E-02 -1.26691E-02 1.85668E-03 -1.00333E-04
15 3 2.000 4.000 0 0.00000E+00 6.01187E-03 4.84071E-02 -1.96079E-02 4.34989E-03 -4.92070E-04 2.25395E-05
15 3 2.000 4.000 0.25 6.69873E-02 2.09102E-02 -1.44283E-02 1.34414E-02 -3.87821E-03 5.52044E-04 -3.09865E-05
15 3 2.000 4.000 0.5 1.33975E-01 1.73366E-02 3.28487E-05 -7.64863E-04 1.30044E-03 -3.06209E-04 2.09807E-05
15 3 2.000 6.000 0 0.00000E+00 9.19129E-03 2.09464E-02 -5.82522E-03 8.90738E-04 -5.62359E-05 5.59546E-07
15 3 2.000 6.000 0.25 6.69873E-02 7.55801E-03 -9.85970E-04 4.88275E-03 -1.50537E-03 2.02276E-04 -1.00165E-05
15 3 2.000 6.000 0.5 1.33975E-01 4.25550E-03 1.38239E-02 -4.66104E-03 6.90507E-04 -8.91685E-08 -4.51933E-06
15 3 2.000 8.000 0 0.00000E+00 7.51697E-03 1.48803E-02 -3.80538E-03 5.91005E-04 -4.08381E-05 6.68369E-07
15 3 2.000 8.000 0.25 6.69873E-02 9.13217E-03 -3.60329E-03 5.36917E-03 -1.50500E-03 1.80311E-04 -7.72709E-06
15 3 2.000 8.000 0.5 1.33975E-01 1.28174E-04 2.60251E-02 -1.35143E-02 3.32200E-03 -3.55864E-04 1.29889E-05
15 3 3.000 3.000 0 0.00000E+00 9.72236E-03 9.17581E-02 -4.80938E-02 1.30419E-02 -1.66801E-03 7.83116E-05
15 3 3.000 3.000 0.25 6.69873E-02 5.02208E-02 -8.01590E-02 7.19233E-02 -2.27830E-02 3.17948E-03 -1.65256E-04
15 3 3.000 3.000 0.5 1.33975E-01 -1.38201E-02 9.57829E-02 -6.16032E-02 1.76949E-02 -2.34344E-03 1.18775E-04
15 3 3.000 4.000 0 0.00000E+00 9.87097E-03 4.53463E-02 -1.62330E-02 3.17536E-03 -3.00868E-04 1.12836E-05
15 3 3.000 4.000 0.25 6.69873E-02 1.82231E-02 -4.75076E-03 5.88392E-03 -9.42502E-04 9.05350E-05 -6.64453E-06
15 3 3.000 4.000 0.5 1.33975E-01 3.46693E-02 -4.71002E-02 4.21283E-02 -1.35827E-02 1.92030E-03 -1.00425E-04
15 3 3.000 6.000 0 0.00000E+00 8.53029E-03 2.14484E-02 -6.03430E-03 9.90450E-04 -6.76625E-05 7.34414E-07
15 3 3.000 6.000 0.25 6.69873E-02 1.66399E-02 -1.15865E-02 9.80628E-03 -2.57902E-03 3.16719E-04 -1.46745E-05
15 3 3.000 6.000 0.5 1.33975E-01 -1.63764E-02 5.36653E-02 -3.54098E-02 1.14457E-02 -1.69104E-03 9.35195E-05
15 3 3.000 8.000 0 0.00000E+00 5.13085E-03 1.56573E-02 -3.98909E-03 6.35517E-04 -4.56993E-05 8.33385E-07
15 3 3.000 8.000 0.25 6.69873E-02 1.81138E-02 -1.76389E-02 1.36486E-02 -3.90506E-03 5.17560E-04 -2.59433E-05
15 3 3.000 8.000 0.5 1.33975E-01 -8.28832E-03 3.91760E-02 -2.50294E-02 7.60116E-03 -1.05192E-03 5.43872E-05
15 4 1.220 3.492 0 0.00000E+00 2.44013E-02 3.87175E-02 -1.32868E-02 2.44642E-03 -2.01532E-04 5.19799E-06
15 4 1.220 3.492 0.25 6.69873E-02 3.29172E-03 2.38245E-02 -8.19972E-03 2.41282E-03 -3.02716E-04 1.22516E-05
15 4 1.220 3.492 0.5 1.33975E-01 6.53793E-02 -4.68413E-02 2.77361E-02 -6.91065E-03 7.78770E-04 -3.19341E-05
15 4 1.220 4.657 0 0.00000E+00 2.89352E-02 8.55209E-03 4.63007E-03 -2.49393E-03 4.40808E-04 -2.66783E-05
15 4 1.220 4.657 0.25 6.69873E-02 5.69273E-03 1.80536E-02 -6.14096E-03 1.84905E-03 -2.68186E-04 1.49202E-05
15 4 1.220 4.657 0.5 1.33975E-01 6.03559E-02 -2.65141E-02 1.17652E-02 -2.09454E-03 1.65557E-04 -4.56353E-06
15 4 1.220 6.985 0 0.00000E+00 2.15709E-02 4.39392E-03 4.05720E-03 -1.69727E-03 2.63892E-04 -1.46706E-05
15 4 1.220 6.985 0.25 6.69873E-02 6.98331E-03 1.60112E-02 -5.98373E-03 1.54345E-03 -1.89599E-04 8.81917E-06
15 4 1.220 6.985 0.5 1.33975E-01 4.75588E-02 4.30927E-03 -1.05016E-02 4.78670E-03 -8.23048E-04 4.92627E-05
15 4 1.220 9.313 0 0.00000E+00 2.31396E-02 -7.36237E-05 4.27950E-03 -1.40439E-03 1.96129E-04 -1.03079E-05
15 4 1.220 9.313 0.25 6.69873E-02 1.62434E-02 -3.79814E-04 4.09690E-03 -1.41005E-03 2.04606E-04 -1.07642E-05
15 4 1.220 9.313 0.5 1.33975E-01 4.77576E-02 -1.08551E-03 -3.50247E-03 1.94650E-03 -3.72919E-04 2.45283E-05
15 4 1.500 3.000 0 0.00000E+00 1.72102E-02 7.11822E-02 -3.32123E-02 8.04312E-03 -9.34320E-04 4.12453E-05
15 4 1.500 3.000 0.25 6.69873E-02 1.57705E-02 1.24068E-02 -4.55935E-03 3.01297E-03 -6.03689E-04 3.68741E-05
15 4 1.500 3.000 0.5 1.33975E-01 1.07206E-02 5.11701E-03 6.97198E-03 -2.53993E-03 3.08798E-04 -1.09904E-05
15 4 1.500 4.000 0 0.00000E+00 1.26198E-02 4.64268E-02 -1.81557E-02 4.08106E-03 -4.69934E-04 2.20587E-05
15 4 1.500 4.000 0.25 6.69873E-02 2.10806E-02 -5.20295E-03 8.83359E-03 -2.57079E-03 3.75865E-04 -2.17910E-05
15 4 1.500 4.000 0.5 1.33975E-01 9.75647E-03 2.54298E-02 -1.60192E-02 5.86798E-03 -9.44671E-04 5.46766E-05
15 4 1.500 6.000 0 0.00000E+00 1.15656E-02 2.87285E-02 -1.04925E-02 2.33027E-03 -2.64546E-04 1.20041E-05
15 4 1.500 6.000 0.25 6.69873E-02 1.09240E-02 7.03609E-03 -8.06932E-04 4.72535E-04 -1.06177E-04 7.72167E-06
15 4 1.500 6.000 0.5 1.33975E-01 8.37723E-03 2.55962E-02 -1.44254E-02 4.50771E-03 -6.66695E-04 3.77221E-05
15 4 1.500 8.000 0 0.00000E+00 1.32773E-02 1.69984E-02 -4.48226E-03 7.50270E-04 -5.89420E-05 1.35568E-06
15 4 1.500 8.000 0.25 6.69873E-02 1.04872E-02 6.98325E-03 -9.48704E-04 3.23338E-04 -6.44725E-05 4.61483E-06
15 4 1.500 8.000 0.5 1.33975E-01 1.32090E-02 1.45882E-02 -4.53434E-03 4.38419E-04 5.58709E-05 -8.45248E-06
15 4 2.000 3.000 0 0.00000E+00 2.10363E-02 6.77420E-02 -2.94069E-02 6.70552E-03 -6.97728E-04 2.50900E-05
15 4 2.000 3.000 0.25 6.69873E-02 1.60234E-02 1.45273E-02 -7.76596E-03 5.75453E-03 -1.30483E-03 9.15889E-05
15 4 2.000 3.000 0.5 1.33975E-01 7.60358E-04 1.42841E-02 1.39171E-02 -7.83372E-03 1.40511E-03 -8.40237E-05
15 4 2.000 4.000 0 0.00000E+00 1.09772E-02 4.92923E-02 -1.88633E-02 4.06655E-03 -4.35937E-04 1.88542E-05
15 4 2.000 4.000 0.25 6.69873E-02 2.49908E-02 -1.62387E-02 1.78130E-02 -5.64850E-03 8.79108E-04 -5.29465E-05
15 4 2.000 4.000 0.5 1.33975E-01 6.94955E-03 1.50739E-02 -5.04570E-03 2.59283E-03 -5.47388E-04 3.74666E-05
15 4 2.000 6.000 0 0.00000E+00 7.93323E-03 2.32574E-02 -4.74210E-03 4.18610E-04 9.01987E-06 -2.37780E-06
15 4 2.000 6.000 0.25 6.69873E-02 8.89409E-03 4.40787E-03 2.08921E-03 -6.20342E-04 7.53304E-05 -3.28758E-06
15 4 2.000 6.000 0.5 1.33975E-01 1.22344E-03 2.44533E-02 -1.10949E-02 3.09695E-03 -4.26173E-04 2.33637E-05
15 4 2.000 8.000 0 0.00000E+00 1.00303E-02 1.77935E-02 -4.31039E-03 5.86113E-04 -2.83121E-05 -3.25306E-07
15 4 2.000 8.000 0.25 6.69873E-02 9.98022E-03 4.11195E-03 5.74003E-04 -4.54389E-05 -2.08308E-05 2.61175E-06
15 4 2.000 8.000 0.5 1.33975E-01 5.86564E-03 7.14009E-03 4.73927E-03 -3.21160E-03 6.71442E-04 -4.62022E-05
15 4 3.000 3.000 0 0.00000E+00 -1.80109E-02 1.84741E-01 -1.25291E-01 4.15884E-02 -6.19380E-03 3.33689E-04
15 4 3.000 3.000 0.25 6.69873E-02 7.07300E-02 -1.25977E-01 1.20659E-01 -4.05990E-02 5.94661E-03 -3.20867E-04
15 4 3.000 3.000 0.5 1.33975E-01 -4.55753E-02 1.96218E-01 -1.21777E-01 3.39963E-02 -4.42318E-03 2.20813E-04
15 4 3.000 4.000 0 0.00000E+00 8.44118E-03 6.16872E-02 -2.66608E-02 6.57374E-03 -7.99666E-04 3.97183E-05
15 4 3.000 4.000 0.25 6.69873E-02 -4.87407E-04 4.97618E-02 -3.49008E-02 1.32441E-02 -2.09897E-03 1.16285E-04
15 4 3.000 4.000 0.5 1.33975E-01 2.64434E-02 -4.54079E-02 5.70435E-02 -2.04842E-02 3.06862E-03 -1.66688E-04
15 4 3.000 6.000 0 0.00000E+00 1.10353E-02 2.55700E-02 -8.08861E-03 1.84367E-03 -2.34286E-04 1.24422E-05
15 4 3.000 6.000 0.25 6.69873E-02 1.15113E-02 -1.63090E-03 6.00816E-03 -1.56565E-03 1.75517E-04 -6.97436E-06
15 4 3.000 6.000 0.5 1.33975E-01 8.60883E-03 3.11879E-03 8.16352E-03 -4.23638E-03 8.28352E-04 -5.47748E-05
15 4 3.000 8.000 0 0.00000E+00 1.08092E-02 1.47890E-02 -3.23521E-03 5.81944E-04 -6.35445E-05 3.06168E-06
15 4 3.000 8.000 0.25 6.69873E-02 1.00895E-02 6.79427E-04 2.83244E-03 -6.24796E-04 4.96198E-05 -7.98432E-07
15 4 3.000 8.000 0.5 1.33975E-01 6.50622E-03 1.03665E-02 -2.11527E-03 3.33038E-04 -3.30207E-05 2.31544E-06
15 5 0.975 3.540 0 0.00000E+00 2.50992E-02 4.60161E-02 -1.65519E-02 3.41510E-03 -3.40347E-04 1.29089E-05
15 5 0.975 3.540 0.25 6.69873E-02 1.90014E-02 1.22401E-02 -7.70286E-05 -6.90656E-06 3.50449E-05 -5.50332E-06
15 5 0.975 3.540 0.5 1.33975E-01 5.17596E-02 2.84499E-03 -7.59412E-03 4.51302E-03 -8.91900E-04 5.82452E-05
15 5 0.975 4.720 0 0.00000E+00 3.05145E-02 1.85780E-02 -1.59919E-03 -5.10715E-04 1.47390E-04 -1.02423E-05
15 5 0.975 4.720 0.25 6.69873E-02 2.19945E-02 6.76681E-03 9.75314E-04 -8.54698E-05 -2.30683E-05 3.18861E-06
15 5 0.975 4.720 0.5 1.33975E-01 5.17729E-02 5.01573E-03 -6.85267E-03 2.95827E-03 -4.68112E-04 2.57554E-05
15 5 0.975 7.081 0 0.00000E+00 2.83820E-02 1.46351E-02 -2.85636E-03 2.23793E-04 2.45417E-05 -3.40768E-06
15 5 0.975 7.081 0.25 6.69873E-02 1.00106E-02 1.88662E-02 -5.85977E-03 1.49832E-03 -2.12087E-04 1.22944E-05
15 5 0.975 7.081 0.5 1.33975E-01 5.46129E-02 3.04501E-03 -5.02697E-03 1.78899E-03 -2.25137E-04 9.51472E-06
15 5 0.975 9.441 0 0.00000E+00 3.07722E-02 3.66892E-03 2.90797E-03 -1.19154E-03 1.83020E-04 -1.00383E-05
15 5 0.975 9.441 0.25 6.69873E-02 1.88415E-02 5.55811E-03 1.79701E-03 -7.83670E-04 1.09401E-04 -5.00057E-06
15 5 0.975 9.441 0.5 1.33975E-01 5.84226E-02 -3.94836E-03 -2.91005E-04 2.50971E-04 3.55411E-06 -3.49154E-06
15 5 1.250 3.000 0 0.00000E+00 1.84082E-02 7.77754E-02 -3.63002E-02 9.01433E-03 -1.06576E-03 4.78166E-05
15 5 1.250 3.000 0.25 6.69873E-02 1.09654E-02 3.02061E-02 -1.37472E-02 5.57134E-03 -9.29855E-04 5.18440E-05
15 5 1.250 3.000 0.5 1.33975E-01 3.51603E-02 -2.95407E-02 3.35084E-02 -1.07846E-02 1.46739E-03 -7.22189E-05
15 5 1.250 4.000 0 0.00000E+00 1.26219E-02 5.64970E-02 -2.40687E-02 5.99998E-03 -7.62734E-04 3.90235E-05
15 5 1.250 4.000 0.25 6.69873E-02 2.44049E-02 -7.23525E-03 1.38254E-02 -4.46015E-03 6.64044E-04 -3.73007E-05
15 5 1.250 4.000 0.5 1.33975E-01 2.44669E-02 8.87321E-03 -3.40032E-03 1.99477E-03 -3.82281E-04 2.30897E-05
15 5 1.250 6.000 0 0.00000E+00 1.98326E-02 2.15829E-02 -4.33315E-03 4.39061E-04 -4.67433E-06 -1.33903E-06
15 5 1.250 6.000 0.25 6.69873E-02 2.03967E-02 4.47243E-03 1.26089E-03 -1.78789E-04 -7.37017E-06 2.07322E-06
15 5 1.250 6.000 0.5 1.33975E-01 1.29340E-03 5.17263E-02 -3.13498E-02 9.61339E-03 -1.36777E-03 7.33882E-05
15 5 1.250 8.000 0 0.00000E+00 2.45576E-02 5.39071E-03 4.34813E-03 -1.88780E-03 2.94928E-04 -1.63010E-05
15 5 1.250 8.000 0.25 6.69873E-02 2.50646E-02 -2.60330E-03 3.91954E-03 -7.20678E-04 3.97343E-05 6.36052E-07
15 5 1.250 8.000 0.5 1.33975E-01 4.73933E-03 4.43597E-02 -2.53750E-02 7.27331E-03 -9.73973E-04 4.95124E-05
15 5 1.500 3.000 0 0.00000E+00 2.18141E-02 7.19883E-02 -3.14241E-02 7.37331E-03 -7.99097E-04 3.14307E-05
15 5 1.500 3.000 0.25 6.69873E-02 1.72254E-03 5.37561E-02 -3.43725E-02 1.38994E-02 -2.41016E-03 1.46415E-04
15 5 1.500 3.000 0.5 1.33975E-01 3.73912E-02 -4.85765E-02 5.33684E-02 -1.80081E-02 2.58858E-03 -1.35610E-04
15 5 1.500 4.000 0 0.00000E+00 1.76007E-02 4.43617E-02 -1.42022E-02 2.49239E-03 -1.92298E-04 4.75141E-06
15 5 1.500 4.000 0.25 6.69873E-02 1.92601E-02 -1.31934E-03 1.13309E-02 -4.06928E-03 6.67097E-04 -4.05907E-05
15 5 1.500 4.000 0.5 1.33975E-01 1.01265E-02 3.20829E-02 -2.06395E-02 8.15387E-03 -1.37986E-03 8.23745E-05
15 5 1.500 6.000 0 0.00000E+00 1.69911E-02 2.08652E-02 -2.75013E-03 -2.41333E-04 1.13538E-04 -8.68419E-06
15 5 1.500 6.000 0.25 6.69873E-02 2.42695E-02 -6.06312E-03 7.83860E-03 -2.14320E-03 2.83159E-04 -1.47205E-05
15 5 1.500 6.000 0.5 1.33975E-01 6.07728E-03 2.62946E-02 -1.04426E-02 2.45953E-03 -2.67622E-04 1.09647E-05
15 5 1.500 8.000 0 0.00000E+00 1.45960E-02 1.75627E-02 -2.95036E-03 1.95956E-04 1.59206E-05 -2.18741E-06
15 5 1.500 8.000 0.25 6.69873E-02 2.06638E-02 -2.81508E-03 4.58782E-03 -9.84705E-04 8.66960E-05 -2.38722E-06
15 5 1.500 8.000 0.5 1.33975E-01 6.42885E-03 2.59475E-02 -9.36805E-03 1.60616E-03 -8.22544E-05 -2.17422E-06
15 5 2.000 3.000 0 0.00000E+00 1.87561E-02 8.00547E-02 -3.30212E-02 6.84250E-03 -5.11319E-04 2.03811E-06
15 5 2.000 3.000 0.25 6.69873E-02 2.74250E-02 -8.93867E-04 5.29938E-03 2.79264E-03 -1.09314E-03 9.15562E-05
15 5 2.000 3.000 0.5 1.33975E-01 1.49723E-02 -2.54905E-03 3.36044E-02 -1.50894E-02 2.53515E-03 -1.48208E-04
15 5 2.000 4.000 0 0.00000E+00 1.50056E-02 4.84599E-02 -1.58796E-02 2.97985E-03 -2.67001E-04 9.79707E-06
15 5 2.000 4.000 0.25 6.69873E-02 1.89703E-02 -2.98236E-03 1.43646E-02 -5.64876E-03 1.03648E-03 -7.00690E-05
15 5 2.000 4.000 0.5 1.33975E-01 2.03846E-02 6.51533E-03 -2.53089E-03 3.39567E-03 -8.50194E-04 6.13827E-05
15 5 2.000 6.000 0 0.00000E+00 1.22722E-02 2.68343E-02 -6.56791E-03 9.80903E-04 -7.01874E-05 1.79118E-06
15 5 2.000 6.000 0.25 6.69873E-02 2.17072E-02 -5.49522E-03 7.25643E-03 -1.70568E-03 1.78878E-04 -6.73127E-06
15 5 2.000 6.000 0.5 1.33975E-01 1.43210E-02 6.70900E-03 1.71003E-03 -7.28180E-04 1.00675E-04 -3.73692E-06
15 5 2.000 8.000 0 0.00000E+00 1.25955E-02 1.75238E-02 -3.31170E-03 4.30359E-04 -2.89187E-05 6.63404E-07
15 5 2.000 8.000 0.25 6.69873E-02 2.43219E-02 -1.39656E-02 1.31870E-02 -3.90733E-03 5.39245E-04 -2.84832E-05
15 5 2.000 8.000 0.5 1.33975E-01 6.05535E-03 2.13286E-02 -8.07857E-03 1.92361E-03 -2.33794E-04 1.19617E-05
15 5 3.000 3.000 0 0.00000E+00 -3.22220E-02 2.57246E-01 -2.00835E-01 7.47422E-02 -1.21149E-02 7.01171E-04
15 5 3.000 3.000 0.25 6.69873E-02 7.48657E-02 -1.41554E-01 1.47721E-01 -5.15880E-02 7.74516E-03 -4.25772E-04
15 5 3.000 3.000 0.5 1.33975E-01 -6.80763E-02 2.73236E-01 -1.61574E-01 4.30996E-02 -5.38325E-03 2.58334E-04
15 5 3.000 4.000 0 0.00000E+00 2.64211E-02 2.68588E-02 4.12253E-03 -4.27566E-03 9.02538E-04 -5.60576E-05
15 5 3.000 4.000 0.25 6.69873E-02 -2.28046E-02 1.11544E-01 -8.21384E-02 3.00631E-02 -4.78080E-03 2.72926E-04
15 5 3.000 4.000 0.5 1.33975E-01 6.68878E-02 -1.17729E-01 1.08351E-01 -3.51193E-02 4.93427E-03 -2.55303E-04
15 5 3.000 6.000 0 0.00000E+00 1.32552E-02 2.39746E-02 -3.99615E-03 1.66595E-04 5.36688E-05 -5.44544E-06
15 5 3.000 6.000 0.25 6.69873E-02 1.70788E-02 4.84181E-04 4.42961E-03 -9.31209E-04 7.43160E-05 -1.08211E-06
15 5 3.000 6.000 0.5 1.33975E-01 1.62298E-02 7.52491E-04 6.83620E-03 -2.61399E-03 4.42533E-04 -2.67576E-05
15 5 3.000 8.000 0 0.00000E+00 1.16912E-02 1.55803E-02 -1.32152E-03 -2.53593E-04 7.45460E-05 -5.03997E-06
15 5 3.000 8.000 0.25 6.69873E-02 2.06881E-02 -7.96129E-03 8.78578E-03 -2.39083E-03 2.98139E-04 -1.40719E-05
15 5 3.000 8.000 0.5 1.33975E-01 2.60364E-03 2.93100E-02 -1.62451E-02 5.06053E-03 -7.31653E-04 3.98825E-05
15 6 0.811 3.489 0 0.00000E+00 4.23655E-02 3.87474E-02 -1.47193E-02 3.63472E-03 -4.39483E-04 2.05566E-05
15 6 0.811 3.489 0.25 6.69873E-02 1.04161E-02 2.99317E-02 -5.38304E-03 6.69827E-04 2.30091E-05 -8.02467E-06
15 6 0.811 3.489 0.5 1.33975E-01 6.45732E-02 5.54826E-03 -8.45348E-03 4.72888E-03 -9.31605E-04 6.13230E-05
15 6 0.811 4.652 0 0.00000E+00 4.42566E-02 2.03340E-02 -5.75463E-03 1.40264E-03 -1.82483E-04 9.62640E-06
15 6 0.811 4.652 0.25 6.69873E-02 1.41911E-02 2.31392E-02 -4.41581E-03 7.30680E-04 -5.73858E-05 1.59009E-06
15 6 0.811 4.652 0.5 1.33975E-01 7.81825E-02 -2.43924E-02 1.59410E-02 -4.46527E-03 6.03437E-04 -3.08105E-05
15 6 0.811 6.978 0 0.00000E+00 3.97805E-02 1.27205E-02 -1.35306E-03 -1.70385E-04 7.25630E-05 -5.71777E-06
15 6 0.811 6.978 0.25 6.69873E-02 1.84328E-02 2.09813E-02 -7.53954E-03 2.08817E-03 -2.86239E-04 1.50903E-05
15 6 0.811 6.978 0.5 1.33975E-01 6.85012E-02 3.02450E-03 -7.97222E-03 3.84771E-03 -6.95105E-04 4.41163E-05
15 6 0.811 9.304 0 0.00000E+00 3.81436E-02 1.41189E-02 -4.05709E-03 8.81621E-04 -1.00667E-04 4.54024E-06
15 6 0.811 9.304 0.25 6.69873E-02 2.02531E-02 2.07192E-02 -9.14896E-03 2.84096E-03 -4.33605E-04 2.52735E-05
15 6 0.811 9.304 0.5 1.33975E-01 6.70183E-02 5.07199E-03 -7.39587E-03 2.97794E-03 -4.87365E-04 2.90523E-05
15 6 1.000 3.000 0 0.00000E+00 3.04645E-02 6.45815E-02 -2.56881E-02 5.65685E-03 -5.70545E-04 2.02357E-05
15 6 1.000 3.000 0.25 6.69873E-02 1.23347E-02 4.50389E-02 -2.45728E-02 9.42507E-03 -1.54288E-03 8.76516E-05
15 6 1.000 3.000 0.5 1.33975E-01 3.64957E-02 -1.08208E-02 1.91979E-02 -5.55005E-03 6.15454E-04 -2.19538E-05
15 6 1.000 4.000 0 0.00000E+00 2.70715E-02 4.34061E-02 -1.47163E-02 3.13558E-03 -3.46871E-04 1.60312E-05
15 6 1.000 4.000 0.25 6.69873E-02 3.01632E-02 -3.11838E-03 1.19901E-02 -3.91064E-03 5.85479E-04 -3.29827E-05
15 6 1.000 4.000 0.5 1.33975E-01 2.12968E-02 3.48417E-02 -1.90731E-02 6.30529E-03 -9.23670E-04 4.85400E-05
15 6 1.000 6.000 0 0.00000E+00 2.92923E-02 2.40263E-02 -6.97595E-03 1.53630E-03 -1.88155E-04 9.49865E-06
15 6 1.000 6.000 0.25 6.69873E-02 2.37491E-02 1.08542E-02 -2.33235E-03 1.02588E-03 -1.91076E-04 1.22553E-05
15 6 1.000 6.000 0.5 1.33975E-01 1.95818E-02 3.79437E-02 -2.07084E-02 6.05646E-03 -8.31051E-04 4.36451E-05
15 6 1.000 8.000 0 0.00000E+00 2.50517E-02 2.58176E-02 -1.03963E-02 2.90595E-03 -4.15971E-04 2.30952E-05
15 6 1.000 8.000 0.25 6.69873E-02 3.57796E-02 -1.09879E-02 1.09295E-02 -2.87450E-03 3.34750E-04 -1.43679E-05
15 6 1.000 8.000 0.5 1.33975E-01 2.91222E-02 1.72843E-02 -6.13841E-03 1.08138E-03 -4.20385E-05 -3.55073E-06
15 6 1.500 3.000 0 0.00000E+00 3.44072E-02 5.37623E-02 -1.42735E-02 1.22596E-03 2.22278E-04 -3.12637E-05
15 6 1.500 3.000 0.25 6.69873E-02 5.56728E-03 5.99031E-02 -3.96064E-02 1.68723E-02 -3.02392E-03 1.87851E-04
15 6 1.500 3.000 0.5 1.33975E-01 4.05395E-02 -4.82345E-02 6.10975E-02 -2.14044E-02 3.14185E-03 -1.67428E-04
15 6 1.500 4.000 0 0.00000E+00 2.14128E-02 4.61883E-02 -1.47686E-02 2.95325E-03 -3.00541E-04 1.30389E-05
15 6 1.500 4.000 0.25 6.69873E-02 2.33226E-02 -7.49666E-04 1.34942E-02 -5.08609E-03 8.66191E-04 -5.40791E-05
15 6 1.500 4.000 0.5 1.33975E-01 7.97493E-03 4.55722E-02 -2.86492E-02 1.09263E-02 -1.81374E-03 1.07033E-04
15 6 1.500 6.000 0 0.00000E+00 2.71940E-02 1.64203E-02 -1.04703E-03 -3.15505E-04 7.77310E-05 -4.88427E-06
15 6 1.500 6.000 0.25 6.69873E-02 2.67031E-02 -7.49122E-03 1.13721E-02 -3.41304E-03 4.72904E-04 -2.50910E-05
15 6 1.500 6.000 0.5 1.33975E-01 1.12179E-02 2.67796E-02 -9.22693E-03 1.84387E-03 -1.48056E-04 3.02583E-06
15 6 1.500 8.000 0 0.00000E+00 2.50508E-02 1.38122E-02 -2.04977E-03 3.68283E-04 -5.40600E-05 3.46314E-06
15 6 1.500 8.000 0.25 6.69873E-02 2.41166E-02 -1.29297E-03 4.91626E-03 -1.11472E-03 9.82994E-05 -2.52096E-06
15 6 1.500 8.000 0.5 1.33975E-01 1.65661E-02 1.69138E-02 -3.90455E-03 2.16238E-04 9.32167E-05 -1.10886E-05
15 6 2.000 3.000 0 0.00000E+00 1.68285E-02 9.78845E-02 -4.35272E-02 9.60391E-03 -6.97133E-04 -4.17718E-06
15 6 2.000 3.000 0.25 6.69873E-02 4.46313E-02 -3.02993E-02 3.02656E-02 -4.59632E-03 -1.64049E-04 5.00614E-05
15 6 2.000 3.000 0.5 1.33975E-01 1.30360E-03 3.38502E-02 1.91227E-02 -1.23247E-02 2.27825E-03 -1.38774E-04
15 6 2.000 4.000 0 0.00000E+00 2.81795E-02 3.68814E-02 -8.72888E-03 1.25001E-03 -6.38799E-05 6.93352E-07
15 6 2.000 4.000 0.25 6.69873E-02 1.93382E-02 2.33497E-03 1.47814E-02 -6.47443E-03 1.25782E-03 -8.75707E-05
15 6 2.000 4.000 0.5 1.33975E-01 1.11164E-02 3.89912E-02 -2.51550E-02 1.11480E-02 -2.05603E-03 1.30457E-04
15 6 2.000 6.000 0 0.00000E+00 1.98405E-02 2.57420E-02 -6.19593E-03 1.09533E-03 -1.07534E-04 4.53802E-06
15 6 2.000 6.000 0.25 6.69873E-02 1.88442E-02 5.88163E-03 1.66233E-03 -1.55960E-04 -3.10352E-05 4.28151E-06
15 6 2.000 6.000 0.5 1.33975E-01 1.23413E-02 2.02312E-02 -6.34243E-03 1.64775E-03 -2.19852E-04 1.23884E-05
15 6 2.000 8.000 0 0.00000E+00 2.06176E-02 1.72774E-02 -3.79000E-03 7.99203E-04 -1.03190E-04 5.54546E-06
15 6 2.000 8.000 0.25 6.69873E-02 2.21529E-02 1.24299E-03 3.49706E-03 -8.41120E-04 7.95667E-05 -2.21593E-06
15 6 2.000 8.000 0.5 1.33975E-01 8.10252E-04 4.08176E-02 -2.02435E-02 5.41760E-03 -6.74807E-04 3.15431E-05
20 3 2.211 3.583 0 0.00000E+00 2.32673E-02 5.34058E-02 -2.30629E-02 5.16675E-03 -5.80415E-04 2.56093E-05
20 3 2.211 3.583 0.25 9.09926E-02 1.23582E-02 -3.64094E-04 5.63983E-03 -1.66947E-03 2.59366E-04 -1.65661E-05
20 3 2.211 3.583 0.5 1.81985E-01 2.93761E-02 -1.40320E-02 7.20979E-03 -1.50225E-03 1.39073E-04 -3.97754E-06
20 3 2.211 4.777 0 0.00000E+00 3.48570E-02 1.21267E-03 9.64776E-03 -4.11739E-03 6.63375E-04 -3.77555E-05
20 3 2.211 4.777 0.25 9.09926E-02 1.20767E-02 -2.46503E-03 5.86493E-03 -1.76012E-03 2.50589E-04 -1.35928E-05
20 3 2.211 4.777 0.5 1.81985E-01 2.80265E-02 -4.81526E-03 2.51266E-03 -7.26365E-04 1.39531E-04 -1.05510E-05
20 3 2.211 7.165 0 0.00000E+00 2.72994E-02 -9.48296E-03 1.22578E-02 -3.97232E-03 5.52281E-04 -2.83434E-05
20 3 2.211 7.165 0.25 9.09926E-02 1.27861E-02 -4.19062E-03 5.14808E-03 -1.47391E-03 1.93057E-04 -9.35110E-06
20 3 2.211 7.165 0.5 1.81985E-01 1.83155E-02 1.46762E-02 -7.53856E-03 1.33465E-03 -2.79289E-05 -7.34010E-06
20 3 2.211 9.554 0 0.00000E+00 2.65041E-02 -1.29016E-02 1.13120E-02 -3.18760E-03 3.98963E-04 -1.86173E-05
20 3 2.211 9.554 0.25 9.09926E-02 1.24330E-02 -3.64910E-03 4.37986E-03 -1.26838E-03 1.64372E-04 -7.83903E-06
20 3 2.211 9.554 0.5 1.81985E-01 1.35265E-02 3.01818E-02 -1.99382E-02 5.65737E-03 -7.21834E-04 3.42731E-05
20 3 2.500 3.000 0 0.00000E+00 3.16520E-02 7.62613E-02 -3.86910E-02 9.67692E-03 -1.20831E-03 5.91568E-05
20 3 2.500 3.000 0.25 9.09926E-02 1.81671E-02 -5.56275E-03 1.04683E-02 -3.09023E-03 4.70117E-04 -3.05947E-05
20 3 2.500 3.000 0.5 1.81985E-01 1.35159E-02 -2.40579E-02 2.36202E-02 -8.03931E-03 1.21504E-03 -6.67836E-05
20 3 2.500 4.000 0 0.00000E+00 8.85566E-03 7.31770E-02 -3.68142E-02 9.53331E-03 -1.22053E-03 6.11757E-05
20 3 2.500 4.000 0.25 9.09926E-02 1.73199E-02 -7.62719E-03 8.69586E-03 -2.20679E-03 2.69178E-04 -1.29196E-05
20 3 2.500 4.000 0.5 1.81985E-01 1.71646E-02 -1.80784E-02 1.50263E-02 -4.34889E-03 5.79135E-04 -2.93460E-05
20 3 2.500 6.000 0 0.00000E+00 8.70080E-03 3.23357E-02 -1.03544E-02 1.57829E-03 -8.52940E-05 -4.86458E-07
20 3 2.500 6.000 0.25 9.09926E-02 1.34738E-02 -4.34652E-03 4.38153E-03 -8.02823E-04 5.23725E-05 -2.21643E-07
20 3 2.500 6.000 0.5 1.81985E-01 1.20293E-02 -3.09937E-03 6.56298E-03 -2.73987E-03 4.81692E-04 -2.98006E-05
20 3 2.500 8.000 0 0.00000E+00 1.11949E-02 1.49086E-02 -2.11137E-03 -1.95009E-04 9.01689E-05 -6.93673E-06
20 3 2.500 8.000 0.25 9.09926E-02 1.38566E-02 -5.88666E-03 4.99813E-03 -1.14737E-03 1.20900E-04 -4.77901E-06
20 3 2.500 8.000 0.5 1.81985E-01 1.97558E-03 2.25021E-02 -1.27175E-02 3.70474E-03 -5.20317E-04 2.86231E-05
20 3 3.000 3.000 0 0.00000E+00 2.82027E-02 8.37137E-02 -3.94650E-02 9.43663E-03 -1.15123E-03 5.53570E-05
20 3 3.000 3.000 0.25 9.09926E-02 2.46902E-02 4.48632E-03 -1.52627E-03 2.02287E-03 -4.30945E-04 2.52826E-05
20 3 3.000 3.000 0.5 1.81985E-01 -8.96937E-04 3.07719E-03 1.08334E-02 -5.51703E-03 1.01410E-03 -6.27509E-05
20 3 3.000 4.000 0 0.00000E+00 2.65719E-02 3.63890E-02 -9.56707E-03 9.89762E-04 5.16156E-06 -5.03825E-06
20 3 3.000 4.000 0.25 9.09926E-02 2.88297E-02 -1.60857E-02 1.22887E-02 -3.03496E-03 3.88991E-04 -2.06981E-05
20 3 3.000 4.000 0.5 1.81985E-01 4.00573E-03 3.55432E-03 1.09320E-03 5.92110E-04 -2.59483E-04 2.30030E-05
20 3 3.000 6.000 0 0.00000E+00 2.34373E-02 8.40873E-03 2.23337E-03 -1.26028E-03 2.13986E-04 -1.28225E-05
20 3 3.000 6.000 0.25 9.09926E-02 2.26753E-02 -1.07853E-02 6.81818E-03 -1.33036E-03 1.16740E-04 -3.53041E-06
20 3 3.000 6.000 0.5 1.81985E-01 -4.72127E-05 1.23255E-02 2.93367E-04 -1.33269E-03 3.09044E-04 -2.10278E-05
20 3 3.000 8.000 0 0.00000E+00 1.07900E-02 1.67813E-02 -4.37718E-03 5.68361E-04 -6.96407E-06 -2.82638E-06
20 3 3.000 8.000 0.25 9.09926E-02 1.48276E-02 -1.09848E-02 9.40607E-03 -2.67728E-03 3.56342E-04 -1.81390E-05
20 3 3.000 8.000 0.5 1.81985E-01 -5.93539E-04 8.56809E-03 2.33182E-03 -2.28627E-03 5.15770E-04 -3.66483E-05
20 4 1.657 3.570 0 0.00000E+00 3.06310E-02 5.18633E-02 -2.19190E-02 4.97289E-03 -5.58788E-04 2.45238E-05
20 4 1.657 3.570 0.25 9.09926E-02 1.65744E-02 -1.80728E-03 1.01186E-02 -3.52682E-03 5.87623E-04 -3.77449E-05
20 4 1.657 3.570 0.5 1.81985E-01 7.13284E-02 -4.99430E-02 2.17949E-02 -3.68829E-03 2.10463E-04 1.79085E-06
20 4 1.657 4.760 0 0.00000E+00 3.14801E-02 2.05734E-02 -2.40270E-03 -6.53994E-04 2.08512E-04 -1.52196E-05
20 4 1.657 4.760 0.25 9.09926E-02 1.64629E-02 -3.69266E-03 9.07307E-03 -3.01566E-03 4.60659E-04 -2.64055E-05
20 4 1.657 4.760 0.5 1.81985E-01 6.97854E-02 -3.43997E-02 1.03770E-02 -5.54608E-04 -1.42338E-04 1.47310E-05
20 4 1.657 7.140 0 0.00000E+00 3.80515E-02 -5.82500E-03 7.80905E-03 -2.38959E-03 3.25346E-04 -1.66670E-05
20 4 1.657 7.140 0.25 9.09926E-02 2.05835E-02 -6.74431E-03 7.40954E-03 -2.16339E-03 2.96041E-04 -1.52948E-05
20 4 1.657 7.140 0.5 1.81985E-01 7.05787E-02 -3.10986E-02 8.55180E-03 -3.92025E-04 -1.18315E-04 1.16837E-05
20 4 1.657 9.520 0 0.00000E+00 3.74221E-02 -1.10299E-02 1.01722E-02 -3.15017E-03 4.48958E-04 -2.42097E-05
20 4 1.657 9.520 0.25 9.09926E-02 1.96435E-02 -4.77706E-03 5.93726E-03 -1.85572E-03 2.63689E-04 -1.39157E-05
20 4 1.657 9.520 0.5 1.81985E-01 7.12841E-02 -3.30564E-02 1.28452E-02 -2.76934E-03 3.60188E-04 -2.09539E-05
20 4 2.000 3.000 0 0.00000E+00 5.87071E-02 3.04575E-02 -6.87424E-03 4.71161E-04 3.49920E-05 -5.12974E-06
20 4 2.000 3.000 0.25 9.09926E-02 2.35632E-02 5.53956E-03 1.21994E-03 7.65459E-04 -2.08710E-04 1.16896E-05
20 4 2.000 3.000 0.5 1.81985E-01 1.58844E-02 -1.82643E-02 2.40075E-02 -8.10189E-03 1.14341E-03 -5.75311E-05
20 4 2.000 4.000 0 0.00000E+00 2.47217E-02 5.06598E-02 -2.10235E-02 4.76820E-03 -5.39647E-04 2.41804E-05
20 4 2.000 4.000 0.25 9.09926E-02 1.99557E-02 -1.16642E-02 1.67016E-02 -5.59524E-03 8.65741E-04 -5.04992E-05
20 4 2.000 4.000 0.5 1.81985E-01 9.57568E-03 1.22425E-02 -6.82080E-03 3.21281E-03 -5.99479E-04 3.79921E-05
20 4 2.000 6.000 0 0.00000E+00 1.80867E-02 3.50002E-02 -1.56674E-02 3.93147E-03 -4.81776E-04 2.28933E-05
20 4 2.000 6.000 0.25 9.09926E-02 1.47754E-02 -3.56795E-03 5.84443E-03 -1.34114E-03 1.31829E-04 -4.53288E-06
20 4 2.000 6.000 0.5 1.81985E-01 5.66916E-03 2.06317E-02 -9.99733E-03 2.91494E-03 -4.10843E-04 2.26650E-05
20 4 2.000 8.000 0 0.00000E+00 4.50395E-02 -6.45943E-03 4.82181E-03 -1.32142E-03 1.88720E-04 -1.06871E-05
20 4 2.000 8.000 0.25 9.09926E-02 3.26270E-02 -1.87276E-02 1.27201E-02 -3.53065E-03 4.78922E-04 -2.50852E-05
20 4 2.000 8.000 0.5 1.81985E-01 3.03828E-02 4.17025E-03 -4.54666E-03 2.14428E-03 -3.90588E-04 2.48752E-05
20 4 3.000 3.000 0 0.00000E+00 6.56572E-02 3.67377E-02 -1.21326E-02 3.25606E-03 -4.81766E-04 2.49357E-05
20 4 3.000 3.000 0.25 9.09926E-02 4.64924E-02 -3.22425E-02 3.18239E-02 -8.12775E-03 8.34392E-04 -2.87957E-05
20 4 3.000 3.000 0.5 1.81985E-01 -2.42067E-02 7.69945E-02 -3.06936E-02 5.52255E-03 -4.01205E-04 7.65381E-06
20 4 3.000 4.000 0 0.00000E+00 4.96888E-02 1.81607E-02 -2.47324E-03 3.34814E-04 -4.95855E-05 3.93705E-06
20 4 3.000 4.000 0.25 9.09926E-02 3.06626E-02 -5.61331E-03 7.49562E-03 -1.87646E-03 3.10121E-04 -2.27451E-05
20 4 3.000 4.000 0.5 1.81985E-01 4.78431E-03 -2.31505E-03 1.83845E-02 -6.55697E-03 8.76362E-04 -4.04891E-05
20 4 3.000 6.000 0 0.00000E+00 4.32713E-02 2.00399E-03 1.16681E-03 -4.54797E-05 -2.70104E-05 2.60435E-06
20 4 3.000 6.000 0.25 9.09926E-02 2.13111E-02 -2.13012E-03 4.86773E-03 -1.68160E-03 2.99731E-04 -1.99889E-05
20 4 3.000 6.000 0.5 1.81985E-01 1.72323E-02 1.29828E-02 -1.00694E-02 4.13606E-03 -6.91877E-04 4.10905E-05
20 4 3.000 8.000 0 0.00000E+00 3.70470E-02 2.35622E-03 -1.10199E-03 7.36836E-04 -1.40627E-04 8.77673E-06
20 4 3.000 8.000 0.25 9.09926E-02 3.30318E-02 -2.80225E-02 2.10927E-02 -6.57778E-03 9.74160E-04 -5.46578E-05
20 4 3.000 8.000 0.5 1.81985E-01 -7.68384E-03 3.88355E-02 -1.81881E-02 4.55994E-03 -5.57861E-04 2.65646E-05
20 5 1.324 3.542 0 0.00000E+00 2.58409E-02 6.77370E-02 -2.92684E-02 6.74869E-03 -7.57683E-04 3.28595E-05
20 5 1.324 3.542 0.25 9.09926E-02 1.13149E-02 1.88110E-02 -2.21672E-03 4.28952E-04 -1.62421E-05 -3.00364E-06
20 5 1.324 3.542 0.5 1.81985E-01 7.17855E-02 -5.28281E-02 3.12648E-02 -7.66092E-03 8.75512E-04 -3.82385E-05
20 5 1.324 4.723 0 0.00000E+00 3.20125E-02 2.25550E-02 2.01084E-04 -1.87931E-03 4.09486E-04 -2.65676E-05
20 5 1.324 4.723 0.25 9.09926E-02 1.17429E-02 1.72774E-02 -4.07468E-03 1.15845E-03 -1.64682E-04 9.08070E-06
20 5 1.324 4.723 0.5 1.81985E-01 7.14002E-02 -4.39376E-02 2.56432E-02 -6.84344E-03 9.26158E-04 -5.01980E-05
20 5 1.324 7.084 0 0.00000E+00 4.17473E-02 -2.37923E-03 8.57494E-03 -3.17268E-03 4.89896E-04 -2.75405E-05
20 5 1.324 7.084 0.25 9.09926E-02 1.38939E-02 8.56112E-03 2.34455E-04 -1.12282E-04 -9.40352E-06 2.50081E-06
20 5 1.324 7.084 0.5 1.81985E-01 6.62992E-02 -2.87564E-02 1.57445E-02 -4.35704E-03 6.36690E-04 -3.70574E-05
20 5 1.324 9.445 0 0.00000E+00 4.20605E-02 -6.38844E-03 8.38262E-03 -2.60763E-03 3.53590E-04 -1.77460E-05
20 5 1.324 9.445 0.25 9.09926E-02 9.69341E-03 1.65696E-02 -5.22248E-03 1.35986E-03 -2.02121E-04 1.24339E-05
20 5 1.324 9.445 0.5 1.81985E-01 6.27006E-02 -1.79700E-02 9.16448E-03 -2.88188E-03 5.05091E-04 -3.39533E-05
20 5 1.500 3.000 0 0.00000E+00 3.05209E-02 9.32254E-02 -4.78601E-02 1.25356E-02 -1.58131E-03 7.62958E-05
20 5 1.500 3.000 0.25 9.09926E-02 1.91259E-02 1.13076E-02 2.57102E-03 -4.07668E-04 3.81696E-05 -5.16235E-06
20 5 1.500 3.000 0.5 1.81985E-01 3.64053E-02 -3.43329E-02 3.20750E-02 -9.68565E-03 1.27890E-03 -6.16588E-05
20 5 1.500 4.000 0 0.00000E+00 1.29919E-02 8.31431E-02 -4.10680E-02 1.07219E-02 -1.37577E-03 6.92027E-05
20 5 1.500 4.000 0.25 9.09926E-02 2.34081E-02 -2.02802E-03 9.68980E-03 -2.94962E-03 4.18247E-04 -2.29519E-05
20 5 1.500 4.000 0.5 1.81985E-01 1.69343E-02 2.34320E-02 -1.51000E-02 5.89006E-03 -9.79435E-04 5.76587E-05
20 5 1.500 6.000 0 0.00000E+00 2.21708E-02 4.22129E-02 -2.00957E-02 5.23844E-03 -6.53433E-04 3.11598E-05
20 5 1.500 6.000 0.25 9.09926E-02 2.67475E-02 -9.23644E-03 1.05593E-02 -2.91394E-03 3.69144E-04 -1.77466E-05
20 5 1.500 6.000 0.5 1.81985E-01 2.67637E-02 -2.60906E-03 8.98400E-03 -3.90391E-03 7.03420E-04 -4.44603E-05
20 5 1.500 8.000 0 0.00000E+00 2.10660E-02 2.68943E-02 -9.86832E-03 2.20502E-03 -2.51776E-04 1.15107E-05
20 5 1.500 8.000 0.25 9.09926E-02 2.09429E-02 4.69004E-03 -1.21700E-03 9.94578E-04 -2.21559E-04 1.54229E-05
20 5 1.500 8.000 0.5 1.81985E-01 2.73466E-02 2.42616E-03 2.35760E-03 -1.03457E-03 1.73879E-04 -9.97002E-06
20 5 2.000 3.000 0 0.00000E+00 5.26673E-02 5.66209E-02 -2.23178E-02 5.03212E-03 -5.45763E-04 2.08533E-05
20 5 2.000 3.000 0.25 9.09926E-02 1.61670E-02 4.41618E-02 -2.85987E-02 1.18678E-02 -2.03876E-03 1.20785E-04
20 5 2.000 3.000 0.5 1.81985E-01 3.16578E-02 -3.96880E-02 4.65375E-02 -1.59858E-02 2.32633E-03 -1.22829E-04
20 5 2.000 4.000 0 0.00000E+00 4.61065E-02 2.99064E-02 -9.36780E-03 2.12679E-03 -2.62479E-04 1.34142E-05
20 5 2.000 4.000 0.25 9.09926E-02 3.08722E-02 -9.63873E-03 1.46021E-02 -4.63704E-03 7.18282E-04 -4.28836E-05
20 5 2.000 4.000 0.5 1.81985E-01 2.05686E-02 -4.41280E-04 5.65623E-03 -5.44428E-04 -1.13152E-04 1.44899E-05
20 5 2.000 6.000 0 0.00000E+00 4.30977E-02 1.24646E-02 -4.77999E-03 1.64056E-03 -2.56625E-04 1.45792E-05
20 5 2.000 6.000 0.25 9.09926E-02 1.17426E-02 2.58527E-02 -1.36136E-02 4.21290E-03 -5.81117E-04 2.95144E-05
20 5 2.000 6.000 0.5 1.81985E-01 2.20277E-02 -4.68602E-03 8.21762E-03 -2.26080E-03 2.65423E-04 -1.12067E-05
20 5 2.000 8.000 0 0.00000E+00 1.76751E-02 2.45112E-02 -7.39160E-03 1.36833E-03 -1.23939E-04 4.14574E-06
20 5 2.000 8.000 0.25 9.09926E-02 2.91829E-02 -1.99026E-02 1.59663E-02 -4.32024E-03 5.38785E-04 -2.55172E-05
20 5 2.000 8.000 0.5 1.81985E-01 1.75350E-02 -3.81681E-03 1.17489E-02 -5.07666E-03 8.94671E-04 -5.58484E-05
20 5 3.000 3.000 0 0.00000E+00 3.29836E-02 1.30657E-01 -8.40826E-02 2.84810E-02 -4.33309E-03 2.35838E-04
20 5 3.000 3.000 0.25 9.09926E-02 6.80836E-02 -9.09251E-02 9.03774E-02 -2.86263E-02 3.90169E-03 -1.95766E-04
20 5 3.000 3.000 0.5 1.81985E-01 -3.23232E-02 1.37381E-01 -6.80831E-02 1.60890E-02 -1.81990E-03 8.11008E-05
20 5 3.000 4.000 0 0.00000E+00 5.47574E-02 1.96841E-02 -1.24002E-03 -2.57214E-04 6.61467E-05 -2.77917E-06
20 5 3.000 4.000 0.25 9.09926E-02 1.28473E-02 2.95236E-02 -1.12027E-02 3.40235E-03 -3.73367E-04 9.24083E-06
20 5 3.000 4.000 0.5 1.81985E-01 4.70975E-02 -6.87552E-02 6.19410E-02 -1.83480E-02 2.33110E-03 -1.08487E-04
20 5 3.000 6.000 0 0.00000E+00 3.99246E-02 1.35802E-02 -3.75020E-03 1.20910E-03 -1.97623E-04 1.20718E-05
20 5 3.000 6.000 0.25 9.09926E-02 2.22443E-02 -1.73865E-03 6.55199E-03 -2.15453E-03 3.50727E-04 -2.17667E-05
20 5 3.000 6.000 0.5 1.81985E-01 5.72176E-03 2.13233E-02 -7.91716E-03 2.60651E-03 -4.26873E-04 2.64963E-05
20 5 3.000 8.000 0 0.00000E+00 1.86026E-02 2.03140E-02 -4.89227E-03 7.26044E-04 -4.30980E-05 1.23157E-07
20 5 3.000 8.000 0.25 9.09926E-02 2.40395E-02 -1.34814E-02 1.18997E-02 -3.18510E-03 3.99897E-04 -1.93559E-05
20 5 3.000 8.000 0.5 1.81985E-01 8.11843E-04 2.64656E-02 -1.34786E-02 4.16660E-03 -6.13027E-04 3.42340E-05
20 6 1.102 3.566 0 0.00000E+00 5.10187E-02 4.23057E-02 -1.72470E-02 4.47395E-03 -5.78552E-04 2.90871E-05
20 6 1.102 3.566 0.25 9.09926E-02 2.77057E-02 4.87644E-03 6.87108E-03 -2.00383E-03 2.85110E-04 -1.69021E-05
20 6 1.102 3.566 0.5 1.81985E-01 8.16503E-02 -3.12938E-02 1.21097E-02 -9.37453E-04 -1.49038E-04 1.86515E-05
20 6 1.102 4.755 0 0.00000E+00 4.95610E-02 2.33839E-02 -7.06297E-03 1.52777E-03 -1.64181E-04 6.89594E-06
20 6 1.102 4.755 0.25 9.09926E-02 2.77344E-02 2.88690E-03 6.54918E-03 -2.20629E-03 3.34354E-04 -1.90056E-05
20 6 1.102 4.755 0.5 1.81985E-01 7.31063E-02 -8.70240E-03 -1.99810E-03 2.34226E-03 -4.65153E-04 2.91969E-05
20 6 1.102 7.133 0 0.00000E+00 4.24152E-02 5.75713E-03 5.58778E-03 -2.45533E-03 3.89485E-04 -2.16502E-05
20 6 1.102 7.133 0.25 9.09926E-02 1.79597E-02 1.33065E-02 3.03442E-05 -7.19079E-04 1.61569E-04 -1.06868E-05
20 6 1.102 7.133 0.5 1.81985E-01 8.26125E-02 -2.63969E-02 1.23497E-02 -3.16961E-03 4.46745E-04 -2.47283E-05
20 6 1.102 9.510 0 0.00000E+00 4.67017E-02 2.55620E-03 4.51589E-03 -1.90184E-03 3.09392E-04 -1.79703E-05
20 6 1.102 9.510 0.25 9.09926E-02 2.17379E-02 1.04742E-02 -3.61265E-04 -3.54366E-04 8.90837E-05 -6.19090E-06
20 6 1.102 9.510 0.5 1.81985E-01 9.19621E-02 -4.05869E-02 2.05123E-02 -5.37307E-03 7.21056E-04 -3.79312E-05
20 6 1.500 3.000 0 0.00000E+00 3.09709E-02 9.74523E-02 -4.49380E-02 1.07673E-02 -1.21786E-03 5.13210E-05
20 6 1.500 3.000 0.25 9.09926E-02 2.40837E-02 1.52627E-02 1.12221E-03 4.59203E-04 -1.36697E-04 5.76079E-06
20 6 1.500 3.000 0.5 1.81985E-01 3.60979E-02 -2.57836E-02 2.98309E-02 -8.72167E-03 1.06331E-03 -4.61481E-05
20 6 1.500 4.000 0 0.00000E+00 1.47937E-02 8.42604E-02 -3.73273E-02 8.81608E-03 -1.01770E-03 4.62136E-05
20 6 1.500 4.000 0.25 9.09926E-02 2.92843E-02 -5.45727E-03 1.36480E-02 -4.16901E-03 5.98281E-04 -3.31630E-05
20 6 1.500 4.000 0.5 1.81985E-01 2.87427E-02 4.35130E-03 8.65973E-04 7.35524E-04 -2.06901E-04 1.38020E-05
20 6 1.500 6.000 0 0.00000E+00 2.25762E-02 4.39448E-02 -1.73661E-02 3.89593E-03 -4.26164E-04 1.80591E-05
20 6 1.500 6.000 0.25 9.09926E-02 2.47074E-02 4.69686E-03 1.50811E-03 4.92797E-05 -7.94450E-05 7.67126E-06
20 6 1.500 6.000 0.5 1.81985E-01 1.67449E-02 1.02238E-02 5.37154E-03 -3.65540E-03 7.84907E-04 -5.57185E-05
20 6 1.500 8.000 0 0.00000E+00 2.41282E-02 3.10984E-02 -1.11063E-02 2.35431E-03 -2.46989E-04 9.99591E-06
20 6 1.500 8.000 0.25 9.09926E-02 2.87542E-02 -1.06065E-02 1.28967E-02 -3.90127E-03 5.30064E-04 -2.70351E-05
20 6 1.500 8.000 0.5 1.81985E-01 1.81153E-02 1.39553E-02 -1.38669E-03 -3.79881E-04 1.20914E-04 -8.50901E-06
20 6 2.000 3.000 0 0.00000E+00 5.27986E-02 5.71048E-02 -1.66902E-02 2.26056E-03 2.68159E-05 -1.98699E-05
20 6 2.000 3.000 0.25 9.09926E-02 1.34117E-02 4.54332E-02 -2.54307E-02 1.16997E-02 -2.18731E-03 1.37964E-04
20 6 2.000 3.000 0.5 1.81985E-01 2.74130E-02 -4.38357E-02 6.39979E-02 -2.33994E-02 3.51489E-03 -1.89398E-04
20 6 2.000 4.000 0 0.00000E+00 3.89216E-02 4.60321E-02 -1.64400E-02 3.87567E-03 -4.89342E-04 2.61839E-05
20 6 2.000 4.000 0.25 9.09926E-02 2.44617E-02 -1.80477E-03 1.31937E-02 -4.39430E-03 6.90807E-04 -4.12674E-05
20 6 2.000 4.000 0.5 1.81985E-01 -8.63726E-03 6.31562E-02 -3.92684E-02 1.41966E-02 -2.29899E-03 1.34575E-04
20 6 2.000 6.000 0 0.00000E+00 3.78120E-02 2.06507E-02 -6.85925E-03 1.97462E-03 -2.96538E-04 1.72065E-05
20 6 2.000 6.000 0.25 9.09926E-02 2.01844E-02 3.33950E-03 4.79625E-03 -1.62449E-03 2.53258E-04 -1.49120E-05
20 6 2.000 6.000 0.5 1.81985E-01 1.20493E-03 2.96115E-02 -1.20865E-02 3.81979E-03 -5.97933E-04 3.53921E-05
20 6 2.000 8.000 0 0.00000E+00 1.97097E-02 2.97076E-02 -9.70738E-03 2.04912E-03 -2.26839E-04 1.02046E-05
20 6 2.000 8.000 0.25 9.09926E-02 2.49792E-02 -4.95043E-03 7.36076E-03 -1.74516E-03 1.70217E-04 -5.40328E-06
20 6 2.000 8.000 0.5 1.81985E-01 1.03319E-02 1.69671E-02 -3.89636E-03 7.64602E-04 -9.39849E-05 5.51268E-06
25 3 2.832 3.570 0 0.00000E+00 5.34518E-02 2.09962E-02 1.66906E-03 -2.84332E-03 5.60592E-04 -3.44859E-05
25 3 2.832 3.570 0.25 1.16577E-01 8.59893E-03 3.82554E-03 5.02816E-03 -1.85335E-03 3.09978E-04 -1.93759E-05
25 3 2.832 3.570 0.5 2.33154E-01 3.26741E-02 -1.07269E-02 -3.23964E-03 2.99642E-03 -5.93529E-04 3.80937E-05
25 3 2.832 4.760 0 0.00000E+00 3.92592E-02 8.95865E-03 5.60695E-03 -2.93224E-03 4.86699E-04 -2.79165E-05
25 3 2.832 4.760 0.25 1.16577E-01 1.21968E-02 -6.83818E-03 1.07339E-02 -3.65686E-03 5.65930E-04 -3.25225E-05
25 3 2.832 4.760 0.5 2.33154E-01 3.29111E-02 1.03719E-02 -1.94262E-02 7.98294E-03 -1.28089E-03 7.29208E-05
25 3 2.832 7.140 0 0.00000E+00 3.04961E-02 -1.09176E-02 1.48636E-02 -4.89365E-03 6.78530E-04 -3.43035E-05
25 3 2.832 7.140 0.25 1.16577E-01 8.02218E-03 -1.56804E-03 4.16517E-03 -1.14981E-03 1.31216E-04 -4.73832E-06
25 3 2.832 7.140 0.5 2.33154E-01 3.70297E-02 6.87064E-03 -1.41390E-02 5.64746E-03 -8.86251E-04 4.98050E-05
25 3 2.832 9.520 0 0.00000E+00 4.15986E-02 -2.02246E-02 1.40102E-02 -3.93383E-03 5.22606E-04 -2.66894E-05
25 3 2.832 9.520 0.25 1.16577E-01 1.12714E-02 -1.14386E-02 1.23710E-02 -4.29007E-03 6.55292E-04 -3.64828E-05
25 3 2.832 9.520 0.5 2.33154E-01 3.54929E-02 2.04735E-02 -2.54788E-02 9.38601E-03 -1.43864E-03 8.01551E-05
25 3 3.000 3.000 0 0.00000E+00 4.38476E-02 8.47844E-02 -4.06159E-02 9.15677E-03 -1.04916E-03 4.83055E-05
25 3 3.000 3.000 0.25 1.16577E-01 1.33852E-02 5.16323E-03 5.51624E-03 -2.77396E-03 6.32116E-04 -5.11912E-05
25 3 3.000 3.000 0.5 2.33154E-01 2.76571E-02 -4.40070E-02 2.72940E-02 -7.53047E-03 1.02438E-03 -5.29439E-05
25 3 3.000 4.000 0 0.00000E+00 4.51548E-02 2.25155E-02 1.17908E-04 -2.16503E-03 4.52176E-04 -2.82537E-05
25 3 3.000 4.000 0.25 1.16577E-01 2.46412E-02 -2.57358E-02 2.41601E-02 -7.75746E-03 1.16161E-03 -6.62156E-05
25 3 3.000 4.000 0.5 2.33154E-01 2.25126E-02 -2.05498E-02 1.15486E-02 -2.65407E-03 3.05521E-04 -1.42826E-05
25 3 3.000 6.000 0 0.00000E+00 7.59527E-03 4.47708E-02 -1.83481E-02 4.10721E-03 -4.57923E-04 1.99715E-05
25 3 3.000 6.000 0.25 1.16577E-01 2.07199E-02 -2.05900E-02 1.51440E-02 -3.83213E-03 4.41055E-04 -1.89487E-05
25 3 3.000 6.000 0.5 2.33154E-01 5.38630E-03 2.14250E-02 -1.55531E-02 5.06777E-03 -7.33213E-04 3.97483E-05
25 3 3.000 8.000 0 0.00000E+00 7.77614E-03 2.39575E-02 -5.83399E-03 4.65484E-04 4.98253E-05 -7.07548E-06
25 3 3.000 8.000 0.25 1.16577E-01 1.95403E-02 -1.72987E-02 1.21724E-02 -3.16994E-03 3.93700E-04 -1.91048E-05
25 3 3.000 8.000 0.5 2.33154E-01 2.03213E-02 -3.07243E-03 1.72504E-03 -6.06936E-04 1.30466E-04 -1.00203E-05
25 3 3.500 3.000 0 0.00000E+00 4.30586E-02 9.44353E-02 -4.42025E-02 9.75778E-03 -1.09640E-03 4.94994E-05
25 3 3.500 3.000 0.25 1.16577E-01 1.32433E-02 1.28740E-02 -3.48065E-04 -6.72666E-04 3.09222E-04 -3.38445E-05
25 3 3.500 3.000 0.5 2.33154E-01 -2.64229E-03 8.40097E-05 4.26629E-03 -1.44677E-03 2.22441E-04 -1.12218E-05
25 3 3.500 4.000 0 0.00000E+00 4.47104E-02 2.83279E-02 -2.48458E-03 -1.72391E-03 4.40148E-04 -3.02298E-05
25 3 3.500 4.000 0.25 1.16577E-01 2.17501E-02 -1.58456E-02 1.65445E-02 -5.10475E-03 7.43886E-04 -4.15504E-05
25 3 3.500 4.000 0.5 2.33154E-01 5.48026E-03 2.36964E-03 -1.97727E-03 1.53192E-03 -3.12284E-04 1.99672E-05
25 3 3.500 6.000 0 0.00000E+00 7.12559E-03 4.60476E-02 -1.88831E-02 4.27394E-03 -4.83914E-04 2.15059E-05
25 3 3.500 6.000 0.25 1.16577E-01 2.04958E-02 -1.52993E-02 1.08267E-02 -2.46606E-03 2.51871E-04 -9.31463E-06
25 3 3.500 6.000 0.5 2.33154E-01 -4.48509E-03 2.41361E-02 -1.54222E-02 5.04360E-03 -7.50993E-04 4.19932E-05
25 3 3.500 8.000 0 0.00000E+00 7.53074E-03 2.10183E-02 -2.61747E-03 -6.85490E-04 2.27582E-04 -1.72313E-05
25 3 3.500 8.000 0.25 1.16577E-01 2.40352E-02 -2.53414E-02 1.68827E-02 -4.41225E-03 5.45494E-04 -2.60587E-05
25 3 3.500 8.000 0.5 2.33154E-01 -4.48535E-04 1.61655E-02 -8.20395E-03 2.33204E-03 -3.25146E-04 1.81425E-05
25 4 2.123 3.569 0 0.00000E+00 3.87038E-02 5.37838E-02 -1.86600E-02 3.15860E-03 -2.45929E-04 6.12458E-06
25 4 2.123 3.569 0.25 1.16577E-01 3.86211E-03 1.75617E-02 -1.19337E-03 -2.12676E-04 1.09371E-04 -1.05686E-05
25 4 2.123 3.569 0.5 2.33154E-01 7.46847E-02 -6.37654E-02 3.06095E-02 -6.69900E-03 7.16236E-04 -3.00729E-05
25 4 2.123 4.758 0 0.00000E+00 4.65014E-02 4.91583E-03 8.62861E-03 -3.75848E-03 5.97689E-04 -3.35757E-05
25 4 2.123 4.758 0.25 1.16577E-01 9.57452E-03 8.84685E-03 8.03519E-04 -4.17230E-04 7.00889E-05 -3.76665E-06
25 4 2.123 4.758 0.5 2.33154E-01 5.54795E-02 8.71495E-04 -1.75621E-02 8.33436E-03 -1.40509E-03 8.17997E-05
25 4 2.123 7.137 0 0.00000E+00 3.50605E-02 -1.02717E-02 1.68508E-02 -5.97152E-03 8.87272E-04 -4.80766E-05
25 4 2.123 7.137 0.25 1.16577E-01 9.76600E-03 5.01325E-03 1.00020E-03 -3.97512E-04 7.20034E-05 -4.92792E-06
25 4 2.123 7.137 0.5 2.33154E-01 5.23189E-02 -8.16680E-03 -2.40566E-03 1.74955E-03 -2.87969E-04 1.54852E-05
25 4 2.123 9.517 0 0.00000E+00 3.32013E-02 -1.25660E-02 1.37198E-02 -4.20712E-03 5.61902E-04 -2.77979E-05
25 4 2.123 9.517 0.25 1.16577E-01 1.14584E-02 -1.98933E-04 5.36136E-03 -2.12456E-03 3.49279E-04 -2.05706E-05
25 4 2.123 9.517 0.5 2.33154E-01 4.57226E-02 7.28055E-03 -1.19950E-02 4.34171E-03 -6.13970E-04 3.07245E-05
25 4 2.500 3.000 0 0.00000E+00 3.33895E-02 1.12550E-01 -5.68582E-02 1.41189E-02 -1.74022E-03 8.38425E-05
25 4 2.500 3.000 0.25 1.16577E-01 2.00902E-02 2.23965E-03 9.25256E-03 -3.41387E-03 6.37070E-04 -4.71008E-05
25 4 2.500 3.000 0.5 2.33154E-01 1.18808E-02 -1.19503E-02 1.31087E-02 -3.58009E-03 4.23795E-04 -1.74166E-05
25 4 2.500 4.000 0 0.00000E+00 1.56786E-02 8.28991E-02 -3.65924E-02 8.42725E-03 -9.78266E-04 4.52917E-05
25 4 2.500 4.000 0.25 1.16577E-01 2.23015E-02 -6.23909E-03 9.21191E-03 -2.10313E-03 2.00031E-04 -5.91911E-06
25 4 2.500 4.000 0.5 2.33154E-01 1.21795E-02 7.72696E-04 1.11244E-03 4.54340E-04 -1.55696E-04 1.19076E-05
25 4 2.500 6.000 0 0.00000E+00 9.84028E-03 5.12993E-02 -2.17651E-02 5.07159E-03 -5.83627E-04 2.61513E-05
25 4 2.500 6.000 0.25 1.16577E-01 2.26985E-02 -9.92855E-03 7.73642E-03 -1.39621E-03 8.28834E-05 5.22231E-07
25 4 2.500 6.000 0.5 2.33154E-01 -3.82867E-03 3.58757E-02 -2.15743E-02 6.75496E-03 -9.84977E-04 5.43298E-05
25 4 2.500 8.000 0 0.00000E+00 1.59519E-02 2.33538E-02 -6.21950E-03 8.72736E-04 -4.11767E-05 -7.20843E-07
25 4 2.500 8.000 0.25 1.16577E-01 2.28039E-02 -1.21414E-02 8.89972E-03 -1.97751E-03 1.88637E-04 -5.92100E-06
25 4 2.500 8.000 0.5 2.33154E-01 -2.40917E-03 3.86891E-02 -2.37303E-02 7.27329E-03 -1.05572E-03 5.89768E-05
25 4 3.000 3.000 0 0.00000E+00 4.92946E-02 1.00955E-01 -5.01594E-02 1.23625E-02 -1.50970E-03 7.13018E-05
25 4 3.000 3.000 0.25 1.16577E-01 1.96672E-02 5.36151E-03 1.28560E-02 -5.93861E-03 1.18645E-03 -8.67640E-05
25 4 3.000 3.000 0.5 2.33154E-01 -1.06160E-02 2.21117E-02 7.86941E-04 -2.26368E-03 4.99979E-04 -3.25009E-05
25 4 3.000 4.000 0 0.00000E+00 3.22575E-02 6.40231E-02 -2.57884E-02 5.56688E-03 -6.19255E-04 2.82679E-05
25 4 3.000 4.000 0.25 1.16577E-01 2.51085E-02 -1.31475E-02 1.60667E-02 -4.65987E-03 6.34544E-04 -3.33666E-05
25 4 3.000 4.000 0.5 2.33154E-01 -5.16296E-03 2.68569E-02 -1.53943E-02 6.08288E-03 -1.06656E-03 6.64653E-05
25 4 3.000 6.000 0 0.00000E+00 1.01283E-02 4.91650E-02 -1.86720E-02 3.75886E-03 -3.54497E-04 1.19171E-05
25 4 3.000 6.000 0.25 1.16577E-01 2.24515E-02 -9.92152E-03 7.79192E-03 -1.44648E-03 1.01806E-04 -1.32861E-06
25 4 3.000 6.000 0.5 2.33154E-01 -2.77268E-02 7.68304E-02 -4.97291E-02 1.56428E-02 -2.28007E-03 1.25366E-04
25 4 3.000 8.000 0 0.00000E+00 9.72233E-03 2.92960E-02 -8.04267E-03 1.03762E-03 -2.62425E-05 -3.04090E-06
25 4 3.000 8.000 0.25 1.16577E-01 2.06852E-02 -6.31382E-03 3.90658E-03 -3.17362E-04 -5.11500E-05 6.83716E-06
25 4 3.000 8.000 0.5 2.33154E-01 -1.19181E-02 4.09843E-02 -2.13301E-02 5.59684E-03 -6.82101E-04 3.11920E-05
25 5 1.697 3.567 0 0.00000E+00 3.12829E-02 7.19905E-02 -2.79353E-02 5.70289E-03 -5.75268E-04 2.23991E-05
25 5 1.697 3.567 0.25 1.16577E-01 1.57052E-02 1.34785E-02 5.74093E-04 -1.73747E-04 2.94261E-05 -2.97042E-06
25 5 1.697 3.567 0.5 2.33154E-01 7.82686E-02 -6.43516E-02 3.49271E-02 -8.13183E-03 8.95139E-04 -3.79247E-05
25 5 1.697 4.756 0 0.00000E+00 3.29228E-02 3.12311E-02 -3.64870E-03 -9.42591E-04 2.89696E-04 -2.05231E-05
25 5 1.697 4.756 0.25 1.16577E-01 2.11685E-02 -5.82271E-03 1.33579E-02 -4.55587E-03 6.93104E-04 -3.92082E-05
25 5 1.697 4.756 0.5 2.33154E-01 7.57867E-02 -4.93941E-02 2.66483E-02 -6.77454E-03 8.78712E-04 -4.56811E-05
25 5 1.697 7.134 0 0.00000E+00 3.78707E-02 -1.16517E-03 1.22240E-02 -4.86286E-03 7.63981E-04 -4.28056E-05
25 5 1.697 7.134 0.25 1.16577E-01 2.63832E-02 -1.38602E-02 1.45175E-02 -4.49450E-03 6.39155E-04 -3.42516E-05
25 5 1.697 7.134 0.5 2.33154E-01 7.80980E-02 -4.89178E-02 2.73210E-02 -7.68912E-03 1.11490E-03 -6.40902E-05
25 5 1.697 9.512 0 0.00000E+00 4.05271E-02 -1.06437E-02 1.38109E-02 -4.44837E-03 6.17927E-04 -3.17888E-05
25 5 1.697 9.512 0.25 1.16577E-01 2.64152E-02 -1.27503E-02 1.25980E-02 -3.87788E-03 5.49388E-04 -2.94399E-05
25 5 1.697 9.512 0.5 2.33154E-01 6.83844E-02 -2.54684E-02 1.17362E-02 -3.23057E-03 5.15806E-04 -3.31904E-05
25 5 2.000 3.000 0 0.00000E+00 4.61282E-02 9.83574E-02 -4.80477E-02 1.19603E-02 -1.48036E-03 7.14051E-05
25 5 2.000 3.000 0.25 1.16577E-01 1.88349E-02 1.53179E-02 2.38476E-03 -1.36017E-03 3.42483E-04 -3.08244E-05
25 5 2.000 3.000 0.5 2.33154E-01 8.01393E-03 -4.14573E-03 1.62539E-02 -5.83014E-03 8.62321E-04 -4.60848E-05
25 5 2.000 4.000 0 0.00000E+00 2.81066E-02 7.68440E-02 -3.47975E-02 8.42258E-03 -1.01522E-03 4.82168E-05
25 5 2.000 4.000 0.25 1.16577E-01 2.90585E-02 -8.49993E-03 1.20630E-02 -2.91899E-03 3.01589E-04 -1.05669E-05
25 5 2.000 4.000 0.5 2.33154E-01 -2.41620E-04 3.70849E-02 -2.16737E-02 7.49275E-03 -1.17577E-03 6.76072E-05
25 5 2.000 6.000 0 0.00000E+00 2.01969E-02 5.27606E-02 -2.42528E-02 6.07636E-03 -7.42645E-04 3.51609E-05
25 5 2.000 6.000 0.25 1.16577E-01 1.99345E-02 -3.31311E-03 7.24310E-03 -1.79894E-03 1.93011E-04 -7.50625E-06
25 5 2.000 6.000 0.5 2.33154E-01 8.82491E-03 2.11634E-02 -6.27971E-03 6.48942E-04 7.06210E-05 -1.12549E-05
25 5 2.000 8.000 0 0.00000E+00 1.72442E-02 4.02335E-02 -1.66685E-02 3.77841E-03 -4.17641E-04 1.78902E-05
25 5 2.000 8.000 0.25 1.16577E-01 2.98166E-02 -1.50214E-02 1.16238E-02 -2.75717E-03 2.91393E-04 -1.11697E-05
25 5 2.000 8.000 0.5 2.33154E-01 -3.15205E-03 5.03732E-02 -2.87120E-02 8.27733E-03 -1.14310E-03 6.13736E-05
25 5 3.000 3.000 0 0.00000E+00 4.28151E-02 1.28527E-01 -6.71047E-02 1.82754E-02 -2.40579E-03 1.19002E-04
25 5 3.000 3.000 0.25 1.16577E-01 7.88645E-02 -1.20013E-01 1.12651E-01 -3.78291E-02 5.65668E-03 -3.14744E-04
25 5 3.000 3.000 0.5 2.33154E-01 -3.77693E-02 9.53975E-02 -3.64755E-02 6.55960E-03 -4.94278E-04 1.07485E-05
25 5 3.000 4.000 0 0.00000E+00 3.01274E-02 7.86079E-02 -3.31128E-02 7.56207E-03 -8.53917E-04 3.81445E-05
25 5 3.000 4.000 0.25 1.16577E-01 2.91085E-02 -7.52345E-03 1.39715E-02 -4.16350E-03 6.36813E-04 -3.98817E-05
25 5 3.000 4.000 0.5 2.33154E-01 -4.67692E-03 2.93052E-02 -1.20583E-02 5.15453E-03 -1.00038E-03 6.66259E-05
25 5 3.000 6.000 0 0.00000E+00 1.92402E-02 5.42937E-02 -2.54346E-02 6.66702E-03 -8.56635E-04 4.27180E-05
25 5 3.000 6.000 0.25 1.16577E-01 2.40380E-02 -9.07035E-03 1.13789E-02 -3.31153E-03 4.56277E-04 -2.42482E-05
25 5 3.000 6.000 0.5 2.33154E-01 -1.49633E-02 5.12734E-02 -2.88071E-02 9.07624E-03 -1.36748E-03 7.89052E-05
25 5 3.000 8.000 0 0.00000E+00 1.41793E-02 4.16122E-02 -1.75435E-02 4.13800E-03 -4.78843E-04 2.15249E-05
25 5 3.000 8.000 0.25 1.16577E-01 2.29302E-02 -7.42825E-03 7.17668E-03 -1.65891E-03 1.81338E-04 -7.81538E-06
25 5 3.000 8.000 0.5 2.33154E-01 -1.93914E-02 5.80235E-02 -3.07242E-02 8.36946E-03 -1.09023E-03 5.50835E-05
25 6 1.412 3.565 0 0.00000E+00 5.12666E-02 6.28189E-02 -2.71671E-02 6.51940E-03 -7.60637E-04 3.36125E-05
25 6 1.412 3.565 0.25 1.16577E-01 3.37694E-02 -8.19501E-03 1.62518E-02 -4.91244E-03 6.97241E-04 -3.85715E-05
25 6 1.412 3.565 0.5 2.33154E-01 9.70284E-02 -7.69437E-02 4.26389E-02 -1.01122E-02 1.14602E-03 -5.09762E-05
25 6 1.412 4.753 0 0.00000E+00 5.27919E-02 2.17103E-02 -6.33842E-04 -1.33267E-03 3.13685E-04 -2.11046E-05
25 6 1.412 4.753 0.25 1.16577E-01 3.92738E-02 -2.32831E-02 2.43169E-02 -7.50085E-03 1.06563E-03 -5.71629E-05
25 6 1.412 4.753 0.5 2.33154E-01 9.38274E-02 -5.79961E-02 2.77012E-02 -5.62230E-03 5.39096E-04 -1.96422E-05
25 6 1.412 7.130 0 0.00000E+00 5.15413E-02 4.65166E-03 5.79172E-03 -2.60978E-03 4.34381E-04 -2.53596E-05
25 6 1.412 7.130 0.25 1.16577E-01 3.52798E-02 -1.23338E-02 1.13625E-02 -2.71364E-03 2.84948E-04 -1.06928E-05
25 6 1.412 7.130 0.5 2.33154E-01 8.70516E-02 -3.68971E-02 1.32066E-02 -1.84218E-03 1.06882E-04 -1.79490E-06
25 6 1.412 9.507 0 0.00000E+00 5.11308E-02 3.77463E-04 5.27772E-03 -1.85921E-03 2.67541E-04 -1.40507E-05
25 6 1.412 9.507 0.25 1.16577E-01 3.88529E-02 -2.50276E-02 2.17397E-02 -6.50644E-03 8.83081E-04 -4.47614E-05
25 6 1.412 9.507 0.5 2.33154E-01 8.72407E-02 -3.63665E-02 1.40693E-02 -2.60273E-03 2.72697E-04 -1.33536E-05
25 6 1.500 3.000 0 0.00000E+00 5.29867E-02 9.66320E-02 -4.92137E-02 1.30401E-02 -1.69040E-03 8.41985E-05
25 6 1.500 3.000 0.25 1.16577E-01 3.24916E-02 -6.03497E-03 2.06109E-02 -7.15577E-03 1.12741E-03 -6.85016E-05
25 6 1.500 3.000 0.5 2.33154E-01 3.72653E-02 -1.20978E-02 1.14541E-02 -2.12029E-03 8.53540E-05 6.85845E-06
25 6 1.500 4.000 0 0.00000E+00 3.13014E-02 9.03668E-02 -4.76980E-02 1.33782E-02 -1.82580E-03 9.62026E-05
25 6 1.500 4.000 0.25 1.16577E-01 2.83034E-02 3.16385E-03 6.84789E-03 -1.84459E-03 2.28799E-04 -1.14748E-05
25 6 1.500 4.000 0.5 2.33154E-01 2.00498E-02 3.65360E-02 -2.45512E-02 8.72680E-03 -1.36239E-03 7.74229E-05
25 6 1.500 6.000 0 0.00000E+00 3.54361E-02 4.83011E-02 -2.41008E-02 6.60515E-03 -8.68387E-04 4.37589E-05
25 6 1.500 6.000 0.25 1.16577E-01 2.42333E-02 7.98998E-03 -8.22667E-04 8.72872E-04 -2.05251E-04 1.44373E-05
25 6 1.500 6.000 0.5 2.33154E-01 2.97942E-02 2.82780E-02 -1.79860E-02 5.52841E-03 -7.53934E-04 3.86436E-05
25 6 1.500 8.000 0 0.00000E+00 2.81396E-02 4.39136E-02 -1.96282E-02 4.75724E-03 -5.62573E-04 2.58868E-05
25 6 1.500 8.000 0.25 1.16577E-01 2.04368E-02 1.07987E-02 -3.06496E-03 1.40064E-03 -2.65296E-04 1.70541E-05
25 6 1.500 8.000 0.5 2.33154E-01 1.88599E-02 4.72536E-02 -3.03143E-02 9.12388E-03 -1.25111E-03 6.43592E-05
25 6 2.000 3.000 0 0.00000E+00 5.57583E-02 1.01214E-01 -5.04197E-02 1.31700E-02 -1.67176E-03 8.08953E-05
25 6 2.000 3.000 0.25 1.16577E-01 3.06494E-02 -5.45495E-03 2.46396E-02 -9.30398E-03 1.59144E-03 -1.03490E-04
25 6 2.000 3.000 0.5 2.33154E-01 8.47839E-03 7.70524E-03 1.20816E-02 -4.29351E-03 5.41417E-04 -2.22717E-05
25 6 2.000 4.000 0 0.00000E+00 3.67543E-02 8.05797E-02 -3.88998E-02 1.03038E-02 -1.35179E-03 6.95026E-05
25 6 2.000 4.000 0.25 1.16577E-01 2.83707E-02 -5.17315E-03 1.51355E-02 -4.77616E-03 6.90900E-04 -3.79898E-05
25 6 2.000 4.000 0.5 2.33154E-01 -2.11137E-03 4.48573E-02 -2.35047E-02 7.67975E-03 -1.13589E-03 6.10237E-05
25 6 2.000 6.000 0 0.00000E+00 3.01063E-02 5.32077E-02 -2.59156E-02 7.03550E-03 -9.31675E-04 4.76645E-05
25 6 2.000 6.000 0.25 1.16577E-01 2.10078E-02 -1.71940E-03 8.92164E-03 -2.58258E-03 3.26968E-04 -1.55417E-05
25 6 2.000 6.000 0.5 2.33154E-01 1.17243E-03 3.67957E-02 -1.55498E-02 3.69950E-03 -3.99455E-04 1.58175E-05
25 6 2.000 8.000 0 0.00000E+00 2.37646E-02 4.59510E-02 -2.10967E-02 5.30039E-03 -6.47015E-04 3.05285E-05
25 6 2.000 8.000 0.25 1.16577E-01 2.30283E-02 4.09297E-04 4.03694E-03 -7.68341E-04 4.00158E-05 9.92918E-07
25 6 2.000 8.000 0.5 2.33154E-01 1.35471E-03 4.59467E-02 -2.64371E-02 7.95563E-03 -1.12244E-03 6.03007E-05
30 3 3.507 3.553 0 0.00000E+00 4.37120E-02 5.89253E-02 -1.51018E-02 4.38907E-04 2.49285E-04 -2.31319E-05
30 3 3.507 3.553 0.25 1.44338E-01 2.46080E-02 -2.77834E-02 2.91022E-02 -9.99917E-03 1.55190E-03 -8.88104E-05
30 3 3.507 3.553 0.5 2.88675E-01 1.52337E-02 -4.50070E-03 -3.17107E-03 2.12192E-03 -3.81177E-04 2.35435E-05
30 3 3.507 4.737 0 0.00000E+00 4.74403E-02 6.35957E-03 1.12267E-02 -5.17961E-03 8.36296E-04 -4.74542E-05
30 3 3.507 4.737 0.25 1.44338E-01 1.64742E-02 -4.60582E-03 5.71614E-03 -1.45167E-03 1.94185E-04 -1.07210E-05
30 3 3.507 4.737 0.5 2.88675E-01 2.63481E-02 -6.82236E-03 -1.27830E-03 1.22699E-03 -2.03548E-04 1.05127E-05
30 3 3.507 7.106 0 0.00000E+00 4.88621E-02 -2.06553E-02 1.85511E-02 -5.63859E-03 7.64383E-04 -3.87850E-05
30 3 3.507 7.106 0.25 1.44338E-01 6.97289E-03 -5.01330E-04 4.25035E-03 -1.34785E-03 1.77427E-04 -7.88973E-06
30 3 3.507 7.106 0.5 2.88675E-01 3.63799E-02 -1.37450E-02 3.95220E-03 -5.50342E-04 4.75983E-05 -1.83062E-06
30 3 3.507 9.475 0 0.00000E+00 5.03172E-02 -3.27505E-02 2.30598E-02 -6.55398E-03 8.57206E-04 -4.22833E-05
30 3 3.507 9.475 0.25 1.44338E-01 2.50072E-02 -2.96225E-02 2.30325E-02 -7.42823E-03 1.11222E-03 -6.26406E-05
30 3 3.507 9.475 0.5 2.88675E-01 2.65287E-02 1.57602E-02 -1.86202E-02 7.07937E-03 -1.14238E-03 6.78171E-05
30 4 2.628 3.528 0 0.00000E+00 4.97167E-02 6.65030E-02 -2.53479E-02 4.81592E-03 -4.69172E-04 1.81460E-05
30 4 2.628 3.528 0.25 1.44338E-01 1.38591E-02 1.40228E-03 8.71543E-03 -2.81470E-03 4.01873E-04 -2.09996E-05
30 4 2.628 3.528 0.5 2.88675E-01 2.77208E-02 -1.19833E-02 1.82262E-03 1.27122E-03 -3.50457E-04 2.51790E-05
30 4 2.628 4.704 0 0.00000E+00 3.84575E-02 3.87937E-02 -1.10933E-02 1.60608E-03 -9.73560E-05 7.94682E-07
30 4 2.628 4.704 0.25 1.44338E-01 1.50429E-02 -6.70437E-03 1.24786E-02 -4.05889E-03 5.93932E-04 -3.24959E-05
30 4 2.628 4.704 0.5 2.88675E-01 3.60697E-02 -7.07475E-03 -3.79807E-03 3.06965E-03 -5.94284E-04 3.71283E-05
30 4 2.628 7.057 0 0.00000E+00 5.16905E-02 -1.06093E-02 1.22426E-02 -3.88568E-03 5.44126E-04 -2.83414E-05
30 4 2.628 7.057 0.25 1.44338E-01 8.40633E-03 -4.21009E-04 7.01598E-03 -2.55639E-03 3.89003E-04 -2.10944E-05
30 4 2.628 7.057 0.5 2.88675E-01 3.75106E-02 -7.94084E-03 -2.82226E-04 1.40956E-03 -3.27852E-04 2.29193E-05
30 4 2.628 9.409 0 0.00000E+00 4.96249E-02 -1.78505E-02 1.49932E-02 -4.57279E-03 6.37987E-04 -3.35114E-05
30 4 2.628 9.409 0.25 1.44338E-01 4.53412E-03 9.07279E-03 -1.49229E-03 2.79301E-04 -2.93957E-05 1.28677E-06
30 4 2.628 9.409 0.5 2.88675E-01 3.85121E-02 -9.62656E-03 3.19332E-03 -2.05573E-04 -5.48659E-05 7.19399E-06
30 4 3.000 3.000 0 0.00000E+00 6.84591E-02 8.68684E-02 -3.48200E-02 6.34317E-03 -5.95017E-04 2.29123E-05
30 4 3.000 3.000 0.25 1.44338E-01 2.25951E-02 2.64356E-02 -1.27647E-02 3.57495E-03 -2.81293E-04 -5.15074E-06
30 4 3.000 3.000 0.5 2.88675E-01 1.04988E-02 -2.03615E-02 2.00868E-02 -6.33769E-03 8.96983E-04 -4.58538E-05
30 4 3.000 4.000 0 0.00000E+00 6.24796E-02 4.31303E-02 -1.74160E-02 4.18922E-03 -5.19163E-04 2.25228E-05
30 4 3.000 4.000 0.25 1.44338E-01 3.14615E-02 1.65037E-03 -3.06449E-03 3.23237E-03 -7.37336E-04 5.09371E-05
30 4 3.000 4.000 0.5 2.88675E-01 8.49752E-03 2.40556E-02 -2.69106E-02 1.29392E-02 -2.50845E-03 1.68985E-04
30 4 3.000 6.000 0 0.00000E+00 5.23451E-02 6.18379E-03 3.86444E-03 -1.80760E-03 2.99241E-04 -1.77473E-05
30 4 3.000 6.000 0.25 1.44338E-01 3.68440E-02 -1.67944E-02 1.18277E-02 -3.47913E-03 5.37117E-04 -3.24038E-05
30 4 3.000 6.000 0.5 2.88675E-01 3.95269E-02 -3.64067E-02 2.21922E-02 -5.40947E-03 6.07697E-04 -2.56971E-05
30 4 3.000 8.000 0 0.00000E+00 5.60615E-02 -1.55294E-02 1.34845E-02 -3.84214E-03 4.88030E-04 -2.30969E-05
30 4 3.000 8.000 0.25 1.44338E-01 2.91252E-02 -1.85479E-04 -4.81682E-04 1.13689E-04 4.92592E-05 -7.11962E-06
30 4 3.000 8.000 0.5 2.88675E-01 6.18476E-02 -6.66061E-02 3.94075E-02 -1.04373E-02 1.33233E-03 -6.63002E-05
30 5 2.101 3.550 0 0.00000E+00 6.49302E-02 4.34464E-02 -8.90153E-03 -1.39475E-04 2.39356E-04 -2.04613E-05
30 5 2.101 3.550 0.25 1.44338E-01 9.47406E-03 1.84345E-02 2.80281E-05 -4.24268E-04 8.69024E-05 -5.33749E-06
30 5 2.101 3.550 0.5 2.88675E-01 6.12709E-02 -4.80853E-02 2.36769E-02 -4.54442E-03 3.74474E-04 -9.58253E-06
30 5 2.101 4.734 0 0.00000E+00 5.80982E-02 1.77132E-02 1.11049E-03 -1.55710E-03 2.95353E-04 -1.79228E-05
30 5 2.101 4.734 0.25 1.44338E-01 1.52816E-02 5.15889E-03 4.89725E-03 -1.41612E-03 1.68362E-04 -7.22555E-06
30 5 2.101 4.734 0.5 2.88675E-01 5.26539E-02 -1.10018E-02 -5.36759E-04 1.80333E-03 -3.63865E-04 2.17898E-05
30 5 2.101 7.100 0 0.00000E+00 4.34732E-02 6.23338E-03 5.17490E-03 -2.24244E-03 3.44620E-04 -1.84710E-05
30 5 2.101 7.100 0.25 1.44338E-01 1.28727E-02 3.97374E-03 4.73893E-03 -1.89159E-03 3.15690E-04 -1.92783E-05
30 5 2.101 7.100 0.5 2.88675E-01 5.54541E-02 -6.67986E-03 -4.23462E-03 2.71947E-03 -4.64098E-04 2.61320E-05
30 5 2.101 9.467 0 0.00000E+00 4.79099E-02 -9.44065E-03 1.19125E-02 -3.83937E-03 5.42193E-04 -2.84687E-05
30 5 2.101 9.467 0.25 1.44338E-01 1.34788E-02 2.48994E-03 4.21645E-03 -1.42869E-03 1.88910E-04 -8.64693E-06
30 5 2.101 9.467 0.5 2.88675E-01 5.47704E-02 -2.98113E-03 -5.84985E-03 2.82933E-03 -4.35662E-04 2.27360E-05
30 5 2.500 3.000 0 0.00000E+00 6.23806E-02 1.05617E-01 -4.82588E-02 1.09449E-02 -1.26440E-03 5.80463E-05
30 5 2.500 3.000 0.25 1.44338E-01 2.92195E-02 -1.01794E-02 2.75213E-02 -1.14678E-02 2.12869E-03 -1.45409E-04
30 5 2.500 3.000 0.5 2.88675E-01 2.07546E-02 -2.28457E-02 2.15570E-02 -5.98139E-03 7.34033E-04 -3.24613E-05
30 5 2.500 4.000 0 0.00000E+00 3.89250E-02 8.13944E-02 -3.63276E-02 8.85561E-03 -1.10746E-03 5.52558E-05
30 5 2.500 4.000 0.25 1.44338E-01 2.02348E-02 7.46853E-03 2.72036E-03 -2.37488E-04 -6.41364E-05 8.23310E-06
30 5 2.500 4.000 0.5 2.88675E-01 9.82757E-03 7.42423E-03 -5.63432E-04 5.64587E-04 -1.09963E-04 5.73729E-06
30 5 2.500 6.000 0 0.00000E+00 2.79699E-02 4.53339E-02 -1.74584E-02 3.95993E-03 -4.52855E-04 2.02278E-05
30 5 2.500 6.000 0.25 1.44338E-01 2.10238E-02 -3.87214E-03 7.42303E-03 -1.83120E-03 2.06007E-04 -9.09295E-06
30 5 2.500 6.000 0.5 2.88675E-01 -1.09905E-02 5.15933E-02 -2.79420E-02 7.77554E-03 -1.01366E-03 5.04194E-05
30 5 2.500 8.000 0 0.00000E+00 2.53523E-02 3.20884E-02 -1.22893E-02 2.95929E-03 -3.63285E-04 1.75141E-05
30 5 2.500 8.000 0.25 1.44338E-01 2.50400E-02 -9.39994E-03 9.05092E-03 -2.26090E-03 2.58459E-04 -1.11270E-05
30 5 2.500 8.000 0.5 2.88675E-01 -2.60966E-03 4.17039E-02 -2.23612E-02 6.11931E-03 -7.91054E-04 3.92811E-05
30 5 3.000 3.000 0 0.00000E+00 7.31731E-02 1.02141E-01 -4.39759E-02 9.62198E-03 -1.09693E-03 4.97634E-05
30 5 3.000 3.000 0.25 1.44338E-01 2.04941E-02 2.71582E-02 1.43638E-03 -3.05743E-03 8.85842E-04 -7.74917E-05
30 5 3.000 3.000 0.5 2.88675E-01 7.45792E-03 -2.11615E-03 1.84701E-02 -7.43452E-03 1.18081E-03 -6.60097E-05
30 5 3.000 4.000 0 0.00000E+00 6.43863E-02 4.83188E-02 -1.77786E-02 4.94426E-03 -8.62500E-04 6.04492E-05
30 5 3.000 4.000 0.25 1.44338E-01 4.26705E-02 -3.38927E-02 3.46911E-02 -1.12387E-02 1.68698E-03 -9.61109E-05
30 5 3.000 4.000 0.5 2.88675E-01 2.51884E-02 -7.25819E-03 6.27306E-03 -6.66809E-04 -5.57864E-05 9.22603E-06
30 5 3.000 6.000 0 0.00000E+00 6.44519E-02 9.46089E-03 -2.51928E-03 1.06711E-03 -1.90915E-04 1.13795E-05
30 5 3.000 6.000 0.25 1.44338E-01 1.91791E-02 6.36224E-03 1.52323E-03 -5.94192E-04 1.19017E-04 -8.84840E-06
30 5 3.000 6.000 0.5 2.88675E-01 1.15103E-02 1.10905E-02 -1.74793E-03 4.98518E-04 -9.49066E-05 7.08768E-06
30 5 3.000 8.000 0 0.00000E+00 2.27795E-02 3.46793E-02 -1.37092E-02 3.38620E-03 -4.23937E-04 2.07378E-05
30 5 3.000 8.000 0.25 1.44338E-01 2.43297E-02 -1.59391E-02 1.51021E-02 -4.32081E-03 5.67648E-04 -2.83466E-05
30 5 3.000 8.000 0.5 2.88675E-01 -4.23333E-03 3.07590E-02 -1.44915E-02 3.96459E-03 -5.34609E-04 2.86557E-05
30 6 1.749 3.548 0 0.00000E+00 6.91155E-02 5.19413E-02 -1.57904E-02 2.40434E-03 -1.58267E-04 2.23338E-06
30 6 1.749 3.548 0.25 1.44338E-01 1.56083E-02 1.48949E-02 6.45808E-03 -2.98230E-03 5.24681E-04 -3.31637E-05
30 6 1.749 3.548 0.5 2.88675E-01 8.16217E-02 -6.14675E-02 3.34619E-02 -7.77106E-03 8.79069E-04 -3.95441E-05
30 6 1.749 4.731 0 0.00000E+00 6.80738E-02 1.45597E-02 4.77125E-03 -3.12633E-03 5.86850E-04 -3.69984E-05
30 6 1.749 4.731 0.25 1.44338E-01 1.54883E-02 1.16750E-02 3.49587E-03 -1.39224E-03 2.13416E-04 -1.21226E-05
30 6 1.749 4.731 0.5 2.88675E-01 8.56618E-02 -5.55548E-02 2.91588E-02 -6.92347E-03 8.25327E-04 -3.92681E-05
30 6 1.749 7.096 0 0.00000E+00 5.35768E-02 9.47363E-03 8.68997E-04 -4.42267E-04 4.81846E-05 -1.42701E-06
30 6 1.749 7.096 0.25 1.44338E-01 1.62771E-02 1.00711E-02 2.43016E-03 -1.34602E-03 2.34309E-04 -1.36724E-05
30 6 1.749 7.096 0.5 2.88675E-01 6.55826E-02 -1.80707E-02 6.82606E-03 -1.18477E-03 1.40017E-04 -8.33512E-06
30 6 1.749 9.462 0 0.00000E+00 5.65972E-02 -8.15342E-03 1.13745E-02 -3.61851E-03 5.01102E-04 -2.57734E-05
30 6 1.749 9.462 0.25 1.44338E-01 1.20397E-02 1.36302E-02 3.73584E-04 -1.00219E-03 2.21831E-04 -1.50663E-05
30 6 1.749 9.462 0.5 2.88675E-01 6.83810E-02 -1.32161E-02 1.71609E-03 4.72182E-04 -9.51326E-05 3.84913E-06
30 6 2.000 3.000 0 0.00000E+00 6.40414E-02 1.13619E-01 -5.44617E-02 1.31692E-02 -1.59207E-03 7.52812E-05
30 6 2.000 3.000 0.25 1.44338E-01 1.95652E-02 1.89894E-02 8.01647E-03 -4.92086E-03 1.10835E-03 -8.60577E-05
30 6 2.000 3.000 0.5 2.88675E-01 2.16274E-02 -1.18965E-02 1.67385E-02 -4.66336E-03 5.51338E-04 -2.29599E-05
30 6 2.000 4.000 0 0.00000E+00 5.31514E-02 6.60759E-02 -2.46531E-02 5.14504E-03 -5.69880E-04 2.63353E-05
30 6 2.000 4.000 0.25 1.44338E-01 1.57464E-02 2.81477E-02 -9.35742E-03 2.86495E-03 -3.96692E-04 1.99623E-05
30 6 2.000 4.000 0.5 2.88675E-01 -7.93148E-03 7.66062E-02 -5.72790E-02 2.04541E-02 -3.20568E-03 1.82791E-04
30 6 2.000 6.000 0 0.00000E+00 3.36497E-02 5.05180E-02 -2.09968E-02 5.25267E-03 -6.71390E-04 3.38580E-05
30 6 2.000 6.000 0.25 1.44338E-01 2.30278E-02 -6.19591E-03 1.42846E-02 -4.74855E-03 6.89703E-04 -3.72299E-05
30 6 2.000 6.000 0.5 2.88675E-01 1.89516E-02 8.68291E-03 5.83499E-03 -4.02701E-03 8.72849E-04 -6.17476E-05
30 6 2.000 8.000 0 0.00000E+00 3.46408E-02 3.05734E-02 -1.03515E-02 2.28975E-03 -2.65119E-04 1.23225E-05
30 6 2.000 8.000 0.25 1.44338E-01 1.30897E-02 1.75263E-02 -5.21386E-03 1.66331E-03 -2.74778E-04 1.71579E-05
30 6 2.000 8.000 0.5 2.88675E-01 1.36266E-02 2.15978E-02 -3.94728E-03 -7.55603E-04 3.41556E-04 -2.87929E-05
30 6 3.000 3.000 0 0.00000E+00 6.23691E-02 1.48119E-01 -7.64831E-02 2.04839E-02 -2.68333E-03 1.33396E-04
30 6 3.000 3.000 0.25 1.44338E-01 9.45803E-02 -1.54074E-01 1.54144E-01 -5.59081E-02 9.01387E-03 -5.37032E-04
30 6 3.000 3.000 0.5 2.88675E-01 -1.54864E-02 5.18221E-02 -4.27830E-03 -3.25939E-03 8.85671E-04 -6.31028E-05
30 6 3.000 4.000 0 0.00000E+00 4.58904E-02 8.77160E-02 -3.45312E-02 7.22217E-03 -7.44821E-04 3.03127E-05
30 6 3.000 4.000 0.25 1.44338E-01 2.57746E-02 4.33887E-03 1.09917E-02 -3.70961E-03 5.82809E-04 -3.59240E-05
30 6 3.000 4.000 0.5 2.88675E-01 4.01709E-03 2.63709E-02 -1.20001E-02 5.59741E-03 -1.08836E-03 7.17069E-05
30 6 3.000 6.000 0 0.00000E+00 3.44663E-02 4.66850E-02 -1.70722E-02 3.84051E-03 -4.38319E-04 1.95294E-05
30 6 3.000 6.000 0.25 1.44338E-01 1.86796E-02 7.25782E-03 1.51106E-03 2.26245E-04 -1.41332E-04 1.27848E-05
30 6 3.000 6.000 0.5 2.88675E-01 -3.35227E-03 2.87230E-02 -8.30956E-03 1.32061E-03 -4.10195E-05 -4.64778E-06
30 6 3.000 8.000 0 0.00000E+00 3.29190E-02 2.74671E-02 -7.26007E-03 1.17020E-03 -8.28118E-05 1.33626E-06
30 6 3.000 8.000 0.25 1.44338E-01 1.84890E-02 4.78140E-03 2.21008E-03 -3.99115E-04 9.80280E-06 1.63742E-06
30 6 3.000 8.000 0.5 2.88675E-01 -1.03371E-02 4.21031E-02 -1.73413E-02 3.76324E-03 -3.61666E-04 1.17896E-05
